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Abstract
Scrapie is a transmissible spongiform encephalopathy (TSE) of sheep and goats, for
which there is currently no ante-mortem diagnostic test. A rapid, ante-mortem
diagnostic test for scrapie would also potentially be important for other TSEs such as
bovine spongiform encephalopathy (BSE) and variant Creutzfeldt Jakob’s disease
(vCJD).
The hypothesis of this study was that there is differential gene expression in the
blood and peripheral tissues of scrapie infected animals, and that a panel of
differentially expressed genes could be identified and used as surrogate markers of
infection.
An expression screening approach, using real-time PCR and an EST microarray, was
used to identify genes that were differentially expressed between SSBP/1 infected
and mock-infected control sheep. The animals used in this study were New Zealand
Cheviot sheep of three genotypes, the highly susceptible VRQ/VRQ (incubation time
193 ± 12 days), the intermediately susceptible VRQ/ARR (incubation time 325 ± 36
days) and the disease resistant ARR/ARR (no clinical signs of disease),
experimentally infected with scrapie strain SSBP/1 and sacrificed at various time
points post infection. No differentially expressed candidates were identified in blood.
Other microarray experiments in our group had demonstrated evidence of differential
expression in spleen fractions enriched for follicular dendritic cells (FDCs). These
data were analysed and candidates were selected for quantitative real-time PCR
validation, with a view to assessing the expression of validated candidates in blood
as a more targeted approach to identifying markers of infection. The gene Early
Growth Response 1 (EGR1) emerged as an interesting candidate as its expression
was found to be significantly up-regulated in FDC-enriched spleen samples of
VRQ/VRQ and ARR/ARR animals over a number of time points post infection.
EGR1 expression was steady among all mock-infected controls. There was, however,
no evidence of differential expression of EGR1 in blood.
This is the first report of differential expression of EGR1 in preclinical spleen
samples in sheep. EGR1 is an attractive candidate for a surrogate marker of
preclinical infection, as its levels rise very early after infection and remain elevated
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for a sustained amount of time in the VRQ/VRQ sheep. Elevated expression is also
detectable in VRQ/ARR and in ARR/ARR sheep. Further studies with larger sample
numbers would be necessary to more accurately estimate the extent of differential
expression and to assess its true worth as a diagnostic marker. Expression studies in
samples from other TSEs and non-TSE neuropathological disease would also be
necessary to establish whether differential expression of EGR1 is specific to TSE
disease.
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1.1. Transmissible Spongiform Encephalopathies
Transmissible Spongiform Encephalopathies (TSEs) are fatal neurodegenerative
diseases, characterised by the presence of PrPSc, a pathogenic isoform of the cellular
prion protein (PrPC), which tends to form detergent insoluble and protease resistant
aggregates. TSEs affect humans and a wide variety of mammals (Table 1.1). Features
of brain pathology vary between TSEs and also between strains of the same TSE, but
can include spongiform change, vacuolation, astrocytosis, microgliosis, neuronal
loss, and formation of amyloid plaques with deposition of PrPSc.

Table 1.1 Known TSEs and their natural hosts
Disease

Natural host (s)

Sporadic Creutzfeldt-Jakob disease (sCJD)
Variant Creutzfeldt Jakob disease (vCJD)
Iatrogenic Creutzfeldt Jakob disease (iCJD)
Kuru
Gerstmann-Straussler-Scheinker syndrome (GSS)
Fatal familial insomnia (FFI)
Protease-sensitive prionopathy (PSPr)

Human

Scrapie

Domestic sheep, domestic goats & mouflon

Bovine Spongiform Encephalopathy (BSE)

Cattle and exotic zoo ruminants (Antelope,
Ankola cattle, American Bison).
Non-human primates (lemurs, rhesus
macaque)

Transmissible mink encephalopathy (TME)

Mink

Chronic wasting disease (CWD)

Deer & Elk

Feline spongiform encephalopathy (FSE)

Domestic & wild cats (cheetah, puma, lion,
tiger, leopard and ocelot cases have been
described so far)
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1.1.1 Scrapie
One of the first known TSEs is sheep scrapie, which also affects goats and wild
sheep (mouflon), and has been recognised in Europe since the late 18th century
(reviewed by Brown and Bradley, 1998). The transmissible nature of scrapie was
proven in the early 20th century, when experimental transmission was achieved in
sheep in France (Cuillé and Chelle, 1936), and a scrapie outbreak occurred in Britain,
which was found to be caused by immunisation of sheep against louping ill, with a
vaccine made from brain tissue contaminated with scrapie (Gordon, 1946).
The symptoms of scrapie can vary but include early behavioural changes and
subsequent more obvious neurological defects. The behavioural changes include
increased fear of animal attendants, nervousness and depression (Dickinson 1976).
Another symptom, especially pronounced in sheep, is pruritus, a persistent itch that is
a result of neurological damage and false perception of irritation. This causes the
animals to repeatedly bite or scratch at the affected area (hence the name “scrapie”),
and leads to loss of wool and a characteristic “patchy” appearance of the animals’
fleece (Parry 1984). As the disease progresses, infected animals develop clinical
neurological symptoms such as ataxia, or loss of movement control, and
hyperaesthesia, an exaggerated response to normal stimuli (Dickinson 1976). When
the clinical symptoms become severe, the animals lose the ability to feed themselves,
become weak and eventually die.
Scrapie pathology varies between different strains as well as between individual
sheep, but in general does not feature extensive neuronal loss (Begara-McGorum et
al., 2002; Ligios et al., 2002). Vacuolation is a feature of natural scrapie; however, it
is very limited in experimental strains of sheep scrapie such as Sheep Scrapie Brain
Pool 1 (SSBP/1) and Cheviot 1641 (CH1641) (Foster et al., 1998; Begara-McGorum
et al., 2002). Astrocytosis is present in natural scrapie (Mackenzie et al., 1983), but
tends to be absent in the absence of vacuolation in experimental scrapie (Jeffrey and
González, 2007). Microgliosis is not a prominent feature of sheep scrapie (Jeffrey
and González, 2007), but it is common in mice infected with the rodent-derived ME7
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scrapie strain (Cunningham et al., 2003). PrPSc accumulation occurs in various areas
of the brain, with the aggregated PrPSc localising primarily within neurons and glia in
experimental scrapie (González et al., 2002) and in both neurons and astrocytes in
natural scrapie (van Keulen et al., 1995). Scrapie is characterised by peripheral
accumulation of PrPSc in a range of tissues including peripheral nerves and ganglia
(Van Keulen et al., 2000), germinal centres of spleen, tonsil, and lymph nodes (van
Keulen et al., 1996; Jeffrey et al., 2000), gut-associated lymphoid tissues (GALT)
and the enteric nervous system (ENS) (Schreuder et al., 1996; Andréoletti et al.,
2000; Van Keulen et al., 2002), rectal mucosa-associated lymphoid tissue
(RAMALT) (González et al., 2008), striated muscle (Adréoletti et al., 2004), kidney
(Sisó et al., 2006), retina (Hortells et al., 2006), tongue (Casalone et al., 2005) and
blood (Hunter et al., 2002).
SSBP/1 is a sheep-passaged scrapie isolate, termed a “strain” because it has been
well characterised and produces consistent brain pathology and incubation times in
sheep, even though it may consist of one or more individual strains (Jeffrey and
González, 2007). The initial source of SSBP/1 was a brain pool of Cheviot and
Cheviot × Border Leicester cross sheep naturally infected with scrapie, which was
then serially passaged through Cheviot sheep (Dickinson 1976). Infection of Cheviot
sheep with SSBP/1 results in sparse or mild neuropil vacuolation of the olives,
ventral thalamic nucleus, dorso-medial thalamic nucleus, caudate nucleus and
accumbens (Houston et al., 2002). PrPSc deposition is widespread in the areas of
vacuolation, as well as in areas where no vacuolation is evident such as the dorsal
brain stem nuclei such as the dorsal motor nucleus of the vagal nerve, and cerebellar,
midbrain and cerebrocortical sites (Houston et al., 2002). Peripheral accumulation of
PrPSc in spleen, tonsil, prescapular lymph node (PSLN), mesenteric lymph node
(MLN), and jejunal and ileal Peyer’s patch (JPP and IPP) is also a feature of SSBP/1
infection (Houston et al., 2002).
An atypical form of scrapie is now recognised which is distinct from classical scrapie
in terms of neuropathology and PrPSc properties, as well as genotypes of sheep that
are susceptible to infection with it.
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The atypical scrapie prion has several distinguishing characteristics. It has lower
resistance to proteases, hence appearing negative in rapid tests for PrPSc which have
a proteinase K digestion step (Buschmann et al, 2004; Everest et al., 2006). It is
deposited in the cortex and cerebellum more readily than the brain stem (Benestad et
al., 2003). It produces an additional low molecular weight band of Mr 10 - 12,000 on
Western blots, which is not seen in typical scrapie (Gavier-Widen et al., 2004). This
band was shown to be a fragment cleaved from both the C- and N- terminal ends of
the protein, contrary to both scrapie and BSE where only the N-terminus is cleaved
(Klingeborn et al., 2006). Moreover, the brain pathology is characterised by
microvacuolation, distinct from the spongiform change seen in classical scrapie
(Benestad et al., 2003).
The scrapie strain Nor98 was first isolated in Norway in 1998 and described as
having atypical PrPSc deposition patterns (Benestad et al., 2003). Nor98 was also
identified in ARQ sheep (Mourn et al., 2005). An atypical scrapie strain was also
found in ARQ and ARR sheep in France, Germany and the UK (Buschmann et al.,
2004; Everest et al., 2006). These sheep were tested as part of the scrapie active
surveillance programme and produced conflicting results in rapid tests for PrPSc and
brain stem histology. Ten isolates of atypical scrapie from France were successfully
transmitted to transgenic mice over-expressing ovine PrPC (VRQ), and were shown
to produce identical incubation times, brain pathology and PrPSc Western blot (WB)
profiles in this model as scrapie strain Nor98, so they are now considered to be the
same strain (le Dur et al., 2005). Cases of atypical scrapie have been identified in
France, Norway, Germany, Belgium, Ireland, Portugal, the Falkland Islands and the
UK (Benestad et al., 2003; Buschmann et al., 2004; De Bosschere et al., 2004;
Onnasch et al, 2004; Orge et al., 2004; ,Epstein et al., 2005; Everest et al., 2006;
Bruce et al., 2007; De Bosschere et al., 2007). The ARR/ARR animals infected with
atypical scrapie through the natural route are asymptomatic carriers of PrPSc and do
not develop clinical disease (Buschmann et al., 2004), however they develop disease
when infected intracerebrally (Madec et al., 2004).
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1.1.2 Bovine Spongiform Encephalopathy (BSE)
Bovine Spongiform Encephalopathy (BSE) was first described in 1986, with
symptoms including apprehension, aggression, abnormal gait, followed by ataxia and
general loss of condition (Wells, 1987). Vacuolation was observed in the brains of
infected animals (Wells, 1987), and BSE brain samples were shown to contain
scrapie-associated fibrils (SAF) (Hope et al., 1988).
BSE cases started increasing exponentially leading to a widespread epidemic in
Britain which started in the mid 1980s and peaked in 1992, resulting in 180,000
infected animals being slaughtered by 2008 (Department for the Environment, Food
and Rural Affairs (DEFRA) www.defra.gov.uk/vla/science/docs/sci_tse_stats_
gboverview.pdf). Epidemiological studies showed that the emergence of BSE was
consistent with exposure to a common source (Wilesmith et al., 1988). As the only
factor common to all farms where BSE was detected was the use of commercial
cattle feed containing protein from rendered ruminant carcasses (meat-and-bonemeal,
MBM), it was proposed that the common source of the epidemic was MBM
contaminated with a scrapie-like infectious agent (Wilesmith et al., 1988). Further
epidemiological studies consistently identified use of MBM feed as a risk factor for
BSE, and it was also suggested that the carcasses of sub-clinically infected cattle
were being used in the production of MBM and in this way infectivity was recycled
and amplified (Wilesmith et al., 1991; Wilesmith et al., 1992). Changes in the
rendering process in the 1980s were proposed to have played a part in facilitating
MBM infectivity (Wilesmith et al., 1991). Inclusion of MBM from ruminants in
cattle feed was banned in 1988 (The Bovine Spongiform Encephalopathy Order
1988. Statutory instrument 1988 No. 1039). This helped contain the BSE epidemic in
Britain (Anderson et al., 1996). The incidence of BSE in cattle born after the 1988
MBM ban was greatly reduced (Stevenson et al., 2000). Following the spread of
BSE to other European countries, feeding of mammalian protein to ruminants was
banned in Europe in 1994 (European Commission Decision 94/381/EC). However,
MBM feed continued to be used for pigs and poultry, and most probably crosscontamination with cattle feed in factories and farms gave rise to new BSE cases
(Hoinville et al., 1995; Stevenson et al., 2005). To address this, ruminant-derived
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MBM was banned from all domestic animal feed in the UK in 1996 (The Bovine
Spongiform Encephalopathy (Amendment) Order 1996, Statutory instrument 1996
No. 2458), and an EU-wide MBM ban for all domestic animals was implemented in
2001 (European Commission Council Decision 2000/766/EC). This succeeded in
reducing the incidence of new cases of BSE (Veterinary Laboratories Agency (VLA)
TSE surveillance statistics, Cattle, Age and related statistics, Age at clinical onset in
years by birth cohort. September 1, 2008. Available at: www.defra.gov.uk/
vla/science/docs/sci_tse_stats_age.pdf.).
Even though it is now recognised that infectivity in MBM was recycled by rendering
of carcasses of sub-clinically infected cattle, the origin of BSE remains uncertain
(Phillips et al., 2000, The BSE inquiry, Stationery Office, London, Horn 2001,
Review of the Origin of BSE, Department of the Environment, Food, and Rural
Affairs, London, UK, European Commission Scientific Steering Committee, 2001,
Opinion on: hypotheses on the origin and transmission of BSE, EC Health and
Consumer Protection Directorate-General, Brussels). Sub-clinical infection (i.e. one
never progressing to clinical symptoms) could have occurred either as cross-species
transmission of scrapie or as spontaneous (sporadic) BSE. The sporadic BSE
hypothesis was favoured by the BSE inquiry because scrapie is very different from
BSE, with regards to their host ranges, transmission properties and pathogenesis. In
terms of host range, BSE was experimentally transmitted to both scrapie-resistant
and scrapie-susceptible sheep (Foster et al., 1993). It was also transmitted to mink,
both intracerebrally and orally, where it produced a disease distinct from
Transmissible Mink Encephalopathy (TME) (Robinson et al., 1994). Scrapie, when
inoculated orally to mink, has failed to transmit disease (Marsh and Hanson, 1979),
and when transmitted intracerebrally, produces a disease very similar to TME
(Hanson et al., 1971). Moreover, BSE affected other mammalian species (Section
1.1.6) in which natural scrapie is not known to occur, and which never succumbed to
MBM-induced scrapie even though they are likely to have consumed scrapie infected
carcasses in their feed before ruminant MBM was banned, as scrapie is endemic in
Britain. The transmission properties of BSE and scrapie are also different.
Transmission of BSE to mice required shorter incubation times than transmission of
scrapie (Fraser et al., 1992). With regards to pathogenesis, mice infected with
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various isolates of BSE had very consistent lesion profiles (Fraser et al., 1992),
whereas mice infected with isolates of scrapie had variable lesion profiles distinct to
those obtained upon infection of the same animals with BSE (Bruce et al., 1994;
Bruce et al., 2002). Moreover, in scrapie-infected sheep peripheral tissues (spleen,
tonsils, lymph nodes) are infectious (Hadlow et al., 1982) and accumulate high levels
of PrPSc (van Keulen et al., 1996; Jeffrey et al., 2000), whereas in BSE-infected
cattle there is no peripheral PrPSc accumulation and no infectivity associated with
peripheral tissues (Middleton and Barlow, 1993; Buschmann and Groschup, 2005;
Espinosa et al., 2007), except for the distal ileum containing Peyer’s patches (Wells
et al, 1994; Espinosa et al., 2007).Furthermore, exposing cattle to sheep scrapie via
the oral route does not lead to disease (Cutlip et al., 2001), whereas intra-cerebral
inoculation produces a disease dissimilar to BSE (Cutlip et al., 1994; Robinson et al.,
1995; Konold et al., 2006). Similarly, exposing sheep to cattle BSE either orally or
intra-cerebrally results in a disease which is distinct from scrapie (Foster et al., 1993;
Jeffrey et al., 2001). This suggests that the two diseases are likely to be caused by
different agents; however it could also be argued that an initial cross-species
transmission of a common agent (scrapie strain) has been followed by substantial
differentiation of the agent over time.
BSE has now been detected in most European countries, as well as Canada, Israel,
Japan, and the United States of America. (The World Organisation for Animal
Health (OIE) www.oie.int/eng/info/en_esbincindence.htm).
It is widely recognised that ingestion of BSE-contaminated food was linked to the
emergence of variant Creutzfeldt Jakob disease (vCJD) (Bruce et al., 1997; Hill et
al., 1997), a new form of human TSE described in the UK in 1996 (Will et al., 1996).
As well as classical BSE, two atypical forms of BSE have also been described,
termed H-type (characterised by high molecular weight PrPSc) (Biacabe et al., 2004)
and L-type, (characterised by low molecular weight PrPSc) (Casalone et al., 2004).
Both forms are distinct from classical BSE and retain their characteristics when
inoculated intracerebrally into transgenic mice expressing bovine PrP (Beringue et
al., 2006; Buschmann et al., 2006; Capobianco et al., 2007). L-type BSE is also
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called Bovine Amyloidotic Spongiform Encephalopathy (BASE), because it is
characterised by amyloid plaques which are absent in classical BSE (Casalone et al.,
2004). Both H-type and L-type BSE are rare and were identified in older cattle (the
majority of cases were over 10 years of age), tested post mortem for BSE under
active surveillance programs. Atypical BSE was first reported in Italy and France
(Biacabe et al., 2004; Casalone et al., 2004), but has now also been found in Britain
(H-type only) (Terry et al., 2007), Germany (Buschmann et al., 2006) and many
other European countries (Jacobs et al., 2007), as well as Japan (L-type only)
(Yamakawa et al., 2003), the USA (H-type only) (Richt et al 2007).

1.1.3 Human TSEs
Transmissible spongiform encephalopathies have been recognised in humans for a
long time, and include sporadic, acquired, and inherited forms.
1.1.3.1 Creutzfeldt Jakob disease (CJD)
The first recognised human spongiform encephalopathy, Creutzfeldt Jakob disease,
was described in the early 1920s by two German neurologists (Creutzfeldt, 1920;
Jakob, 1921). In fact, the case described by Creutzfeldt has since been shown not to
fulfil current clinical criteria for CJD (Katscher, 1998). Creutzfeldt-Jacob’s disease
includes variant, sporadic, familial and iatrogenic forms.
1.1.3.1.1 Sporadic CJD
Sporadic CJD (sCJD) accounts for the majority of human TSE cases, affecting
around 1 person per million (Ladogana et al., 2005), and its aetiology is unknown.
sCJD is classified in distinct types based on brain pathology, clinical presentation
and type and distribution of PrPSc. The disease types are named for the prion gene
(PRNP) genotype (methionine (M)/ valine (V) polymorphism at codon 129) and type
of prion protein (PrPSc type 1 and 2, based on differences in size on Western blot,
arising from different conformation). Two rival classification systems exist (Parchi et
al., 1999; Hill et al., 2003), and this is further complicated by the fact that in some
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Table 1.2 Clinical diagnostic criteria for sporadic CJD in UK (from Ironside et al.,
2005)
Clinical diagnostic criteria for sporadic CJD in UK
Definite
Neuropathologically/immunocytochemically confirmed
Probable
1. Rapidly progressive dementia, plus a typical electroencephalogram (EEG) and at least two
of the following clinical features
Myoclonus
Visual or cerebellar problems
Pyramidal or extrapyramidal features
Akinetic mutism
2. Criteria for possible sporadic Creutzfeldt-Jakob disease (see below), plus a positive test
for 14.3.3. protein in the cerebrospinal fluid (CSF)
Possible
Rapidly progressive dementia, plus a duration of illness of less than 2 years, and at least two
of the following clinical features:
Myoclonus
Visual or cerebellar problems
Pyramidal or extrapyramidal features
Akinetic mutism

cases more than one sCJD type can be isolated from the same brain sample (Puoti et
al., 1999; Head et al., 2004; Polymenidou et al., 2005; Schoch et al., 2006; Yull et
al., 2006). The most common sCJD subtype (MM1 and MV1) which accounts for
~70% of sCJD cases, presents with rapidly progressing dementia, followed by other
symptoms including cortical visual impairment, ataxia, and in a small percentage of
cases myoclonus, or involuntary muscular contractions, finally leading to akinetic
mutism and death (Zerr et al., 2000). The second most frequently occurring type of
sCJD (VV2), which accounts for ~ 25% of cases, presents with ataxia or dementia
(Parchi et al., 1999; Zerr et al., 2000). Most sCJD types affect older patients (mean
age 65), and are characterised by a short disease duration (typically around 4-6
months) and rapidly progressing dementia (Parchi et al., 1999). An exception to this
is the rare VV1 type of sCJD (1% of cases) which affects younger patients, presents
with ataxia or neuropsychiatric symptoms, and is characterised by slower progression
(Poser et al., 2000; Zerr et al., 2000; Head et al., 2001; Sanchez-Valle et al., 2004).
The clinical criteria for sCJD diagnosis in the UK are listed in table 1.2 (as outlined
in Ironside et al., 2005). The neuropathological features of sCJD are variable. They
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include vacuolation of variable severity (from micro-vacuolation to status
spongiosis), mainly in the cerebral cortex, as well as neuronal loss and proliferation
of activated glial cells (Masters et al., 1978). In most cases there is no amyloid
plaque formation, but in the rare cases when amyloid plaques are present, most of the
pathology is localised to the cerebellum (Ironside 1998; Parchi et al., 1999; Gambetti
et al., 2003).
1.1.3.1.2 variant CJD
Variant Creutzfeldt Jakob disease (vCJD) was first described in the UK in 1996 (Will
et al., 1996), and it is widely believed that its emergence was linked to dietary
exposure to BSE (Bruce et al., 1997; Hill et al., 1997). BSE and vCJD had identical
incubation times and brain pathology, distinct from sCJD, when transmitted to mice
(Bruce et al., 1997). Moreover, macaques infected with BSE, but not with sCJD, had
similar clinical symptoms and brain pathology to humans diagnosed with vCJD
(Lasmézas et al., 1996).
To date, 164 people have died from vCJD in the UK (National Creutzfeldt-Jakob
disease surveillance unit, (NCDJSU), www.cjd.ed.ac.uk/figures.htm). The median
age of onset for patients with vCJD is 26 years, much younger than the median age
of onset for sCJD which is 67 years (NCDJSU sixteenth annual report, 2007,
http://www.cjd.ed.ac.uk/report16.pdf). So far all vCJD patients have been
homozygous for methionine (M) at the site of a valine/ methionine (M/V)
polymorphism at codon 129 of the PRNP gene, which encodes the prion protein
(Head et al., 2004). A case of blood-acquired prion accumulation in a MV 129
patient has been described, proving that this genotype is also susceptible to infection
(Peden et al., 2004).
Variant CJD patients usually present with psychiatric symptoms such as anxiety and
depression. Other symptoms at presentation can include dysaesthesia, or ataxia. The
clinical progression is slower than in sCJD (mean duration of 14 months) (Will et al.,
1996; Ironside et al., 2000). The pathological features are also different, with
amyloid plaques being a prominent feature contrary to sCJD where these plaques are
rare. Plaques of a characteristic appearance (‘florid plaques’) are seen in vCJD: these
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plaques have an eosinophilic core with radiating fibrils, surrounded by a ‘halo’ of
vacuolation (Will et al., 1996; Ironside et al., 2000). Spongiform change is most
severe in the caudate nucleus and putamen, whereas astrocytosis and neuronal loss
are most severe in the posterior thalamic nuclei and midbrain (Ironside et al., 2000).
Furthermore, accumulation of PrPSc in the periphery is a prominent feature of vCJD,
whereas it does not occur in sCJD, with the exception of ocular tissue (Head et al.,
2003) as well as in low levels in spleen and muscle (Glatzel et al., 2003). So far,
PrPSc has been detected in vCJD spleen, where it was shown to be infective by
mouse bioassay (Bruce et al., 2001), tonsil (Hill et al., 1999; Bruce et al., 2001),
appendix (Hilton et al., 1998; Joiner et al., 2002), peripheral and enteric ganglia,
(Hainfellner et al., 1999), ileum (Joiner et al., 2005), muscles (Peden et al., 2006),
and ocular tissue (Head et al., 2003).
1.1.1.3 Iatrogenic Creutzfeldt Jakob disease
CJD can be transmitted through surgical procedures, tissue transplants, hormone
therapy and blood transfusion, giving rise to iatrogenic CJD (iCJD) (reviewed by
Brown et al., 2000). Iatrogenic CJD cases described so far have been caused by
injection with sCJD contaminated growth hormone, extracted from the pituitary
gland of cadavers, (Koch et al., 1985; Markus et al., 1992; d’Aignaux et al., 1999),
transplantation of CJD infected dura mater (Thadani et al., 1988; Nakamura et al.,
1999), sCJD-infected corneal transplantation (Duffy et al., 1974; Uchiyama et al.,
1994; Heckmann et al., 1997), use of sCJD contaminated electrodes for stereotactic
electroencephalogram (EEG) (Bernoulli et al., 1977), contaminated neurosurgical
instruments (Brown et al., 1996) and blood transfusion from a vCJD patient
(Llewellyn et al., 2004; Peden et al., 2004; Wroe et al., 2006).
Symptoms of iCJD vary depending on the route of infection, with central nervous
system (CNS) infection presenting mostly with dementia and cerebellar symptoms
similar to sCJD whereas peripheral infection produces mostly cerebellar ataxia
(Brown et al., 2000).
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1.1.3.2 Kuru
Another human TSE is Kuru, which was spread by ritual cannibalism in tribes of the
Fore linguistic group in Papua New Guinea. Kuru was first described in 1957
(Gajdusek and Zigas, 1957). It was soon recognised that brain pathology in Kuru was
similar to scrapie (Hadlow, 1959) and Creutzfeldt-Jakob disease (Klatzo et al.,
1959). Experimental transmission of Kuru to chimpanzees through intra-cerebral
inoculation with brain homogenate from Kuru patients proved that it was a
transmissible disease (Gajdusek et al, 1966).
Kuru presents with psychiatric features and sensory disturbances, and is
characterised by progressive cerebellar ataxia and tremor (“kuru” means shivering in
the Fore language), with dementia being a late and less prominent feature of the
disease (Collinge et al., 2006). The incubation period can vary from 4 years to over
30 years, and the disease duration is usually around a year. In terms of pathology,
neuronal loss is most pronounced in the cerebellum, and amyloid plaques are a
common feature, present in about 75% of patients.
1.1.3.3 Fatal Familial Insomnia
Fatal Familial Insomnia (FFI) is a very rare TSE, affecting around 30 families
worldwide (Gambetti et al., 1995). FFI occurs both as an inherited (Lugaresi et al.,
1986; Harder et al., 1999; Spacey et al., 2004) and as a sporadic disease (Mastrianni
et al., 1999; Parchi et al., 1999). It was found to be associated with an aspartic acid
(D) substitution to asparagine (N) at codon 178 of the PRNP gene (D178N), in
association with homozygosity for methionine at codon 129 (Goldfarb et al., 1992;
Medori et al., 1992). FFI has been successfully transmitted to mice (Tateishi et al.,
1995).
FFI presents with progressive insomnia, leading to hallucinations, sympathetic
disturbances (tachycardia, hypertension, hyperhidrosis, and hyperthermia), disturbed
attention, short-term memory loss and ataxia, eventually followed by a dementia-like
state of confusion and finally death (Montagna et al., 1995).
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The mean age of onset is 50 years (Montagna et al., 1998; Pocchiari et al., 1998;
Kretzschmar et al., 1998) and the typical duration of the disease is 18 months
(Gambetti et al., 1995).
In terms of neuropathology, FFI is characterised by degeneration of the thalamus,
and PrPSc deposition in both the thalamus and brainstem (Parchi et al., 1998). PrPSc
deposition does not correlate with cellular apoptosis (Dorandeu et al., 1998). Cellular
apoptosis in FFI correlates with neuronal loss (Dorandeu et al., 1998)
1.1.3.4 Gerstmann-Sträussler-Scheinker syndrome
Gerstmann-Sträussler-Scheinker syndrome (GSS) (Gerstmann et al., 1936) is another
rare, inherited TSE disease (Peiffer et al., 1982; Hudson et al., 1983; Farlow et al.,
1989; Ghetti et al., 1989). GSS prevalence is around 5 cases/ 100 million
(Kretzschmarr et al., 1993). Various mutations in PRNP have been found to be
linked to GSS, including proline to leucine substitution at codon 102 (P102L) (Hsiao
et al., 1989; Goldgaber et al., 1989), proline to leucine at codon 105 (P105L)
(Yamada et al., 1993), alanine to valine at codon 117 (A117V) (Doh-Ura et al.,
1989), glycine to valine at codon 131 (G131V) (Panegyres et al., 2001), alanine to
valine at codon 133 (A133V) (Rowe et al., 2007), histidine to arginine at codon 187
(H187R) (Cervenakova et al., 1999; Butefisch et al., 2000) phenylalanine to serine at
codon 198 (F198S) (Hsiao et al., 1992; Dlouhy et al., 1992), and glutamate to
arginine at codon 217 (Q217R) (Hsiao et al., 1992). The transmissibility of GSS was
proven when the disease was induced by experimental inoculation of non-human
primates with brain homogenate from GSS patients (Masters et al., 1981). A mouse
model of GSS was also created with the P101L mutation (homologous to the P102L
in humans) (Telling et al., 1996).
GSS symptoms include slowly progressive cerebellar ataxia and in some cases
myoclonus, followed by loss of cognitive functions and development of dementia.
GSS is characterised by widespread multicentric amyloid plaques (Masters et al.,
1981), and C-and N-truncated forms of PrPSc (Tagliavini et al., 2001).
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1.1.3.5 Protease-sensitive Prionopathy
A new type of human spongiform encephalopathy was described recently, termed
Protease-sensitive Prionopathy (PSPr) because it was characterised by PrPSc which
was highly sensitive to protease K digestion (Gambetti et al., 2008). The PSPr PrPSc
also had a unique ladder-like electrophoretic profile and unusual distribution.
Although 8 of the 11 patients diagnosed with PSPr had family histories of dementia
(one was unknown), no mutations were identified in the PRNP gene, suggesting that
additional genetic loci might be involved in prion disease. The patients were all
homozygous for the valine allele at codon 129 of PRNP. PSPr was estimated to make
up 3% of all sCJD diagnoses and 16% of all VV129 CJD (Gambetti et al., 2008).
Transmissibility of PSPr to laboratory animals has not yet been shown.
The mean age of the PSPr patients was 62 years, and the mean disease duration was
20 months. The patients presented with neuropsychiatric signs, followed by
progressive loss of motor and cognitive functions, with seven patients showing
ataxia. In terms of brain pathology, spongiform degeneration (small vacuoles similar
to the type seen in MM1 sCJD) and moderate astrogliosis were seen in the cerebral
cortex, basal ganglia and thalamus, without severe neuronal loss. No plaques were
observed (Gambetti et al., 2008).

1.1.4 Chronic Wasting Disease
TSEs also affect various other species. Chronic Wasting Disease (CWD) was first
described in mule deer (Williams and Young, 1980), but was also found to affect
Rocky Mountain elk (Guiroy et al., 1991; Williams et al., 1992). The initial origin of
CWD is unknown. CWD is emerging as an epidemic among wild deer in North
America (Miller et al., 2000; Williams et al., 2002). Active surveillance for CWD in
farmed and wild deer started in the European Union in 2007. No cases have been
confirmed so far in Britain (www.defra.gov.uk/vla/science/docs/ sci_tse_stats_active.
pdf).
The symptoms of CWD are similar to scrapie and include changes in behaviour,
subtle changes in locomotion and eventually loss of condition and death (Williams et
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al., 1992; Williams et al., 2002). In terms of neuropathology, spongiform change and
vacuolation are widespread, and neuronal loss and astrocytosis also occur but are less
prominent (Williams et al., 1993; Spraker et al., 2002; Williams et al., 2003).
Amyloid plaques are relatively common and a proportion of these plaques can be
surrounded by vacuolation (“florid plaques” such as the ones seen in vCJD) (Liberski
et al., 2001). CWD in mule deer is characterised by extensive PrPSc deposition in
both the CNS and the periphery (Sigurdson et al., 1999; Sigurdson et al., 2001; Fox
et al., 2006). Peripheral accumulation of PrPSc also occurs in elk with CWD, but to a
lesser extent than in deer (Spraker et al., 2004; Race et al., 2007).
1.1.5 Transmissible Mink Encephalopathy
Transmissible Mink Encephalopathy (TME) affects farmed mink (Hartsough and
Burger, 1965). It is a disease with rare outbreaks, linked to consumption of
contaminated meat (Marsh et al., 1991; Marsh and Bessen, 1993). TME can be
readily transmitted to a variety of species in the experimental setting (Marsh et al.,
1969; Eckroade et al., 1970; Eckroade et al., 1973; Hadlow et al., 1986). A recent
study identified similarities between TME and experimental L-type BSE in mice
(Baron et al., 2007).
Clinical

presentation

of

TME

includes

changes

in

behaviour

such

as

hyperexcitability, followed by decline in locomotion (incoordination, abnormal gait),
in some cases somnolence, and eventual loss of condition and death (Hartsough and
Burger, 1965; Marsh et al., 1991). The pathological features of TME include
spongiform change in the corpus striatum, midbrain, brain stem and cerebral cortex,
correlating with astrocytosis (Hartsough and Burger, 1965; Eckroade et al., 1970;
Marsh et al., 1991) Involvement of the periphery also occurs in TME, with limited
PrPSc accumulation in the lymph nodes prior to invasion of the CNS, and extensive
peripheral PrPSc accumulation late in the infection (Hadlow et al., 1987).
1.1.7 Feline Spongiform Encephalopathy
Ingestion of BSE contaminated feed was also linked to a number of new TSEs such
as Feline Spongiform Encephalopathy (FSE) in domestic cats as well as in wild cats
such as pumas and ocelots kept in zoos (Wells, 1987; Wyatt et al., 1991; Pearson et
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al., 1992; Ryder et al., 2001). The clinical symptoms of FSE include abnormal
behaviour (such as decreased grooming), progressive decline in locomotion
(incoordination, ataxia, tremor), and altered response to normal stimuli
(hyperaesthesia) (Wyatt et al., 1991). The pathological symptoms include
widespread spongiosis, which correlates with glial activation, vacuolation, and
deposition of PrPSc throughout the brain as small aggregates (Wyatt et al., 1991;
Ryder et al., 2001). Accumulation of PrPSc outside the CNS is not present in all
animals but has been shown to occur in the spleen, Peyer’s Patches, myenteric plexus
and kidney (Ryder et al., 2001).
1.1.8 Exotic Ungulate Encephalopathy (EUE)
A transmissible spongiform encephalopathy, widely believed to be BSE, was also
contracted by a number of exotic zoo ruminant species such as nyala, arabian oryx,
greater kudu and eland (Jeffrey and Wells, 1988; Fleetwood and Furley, 1990;
Kirkwood et al., 1990; Cunningham et al., 1993; Kirkwood et al., 1994).The clinical
symptoms of these animals were similar to BSE, and consisted of a rapidly
progressing neurological disease with gait abnormalities and progressive ataxia.
Vacuolation of the grey matter neuropil was observed in the affected animals’ brains.
The vacuolation was bilaterally symmetrical and mainly affected the brain stem
(Fleetwood and Furley, 1990; Kirkwood et al., 1990; Cunningham et al., 1993). In
the oryx and greater kudu, mild gliosis was seen but amyloid plaques were absent
(Kirkwood et al., 1990). Scrapie-associated fibrils were detected in the cerebral
cortex and spinal cord of the greater kudu (Cunningham et al., 1993). The disease
appeared in UK zoos at the same time as the BSE epidemic, and all the animals that
were diagnosed with it had (either definitely or probably) been fed with ruminantderived protein (Kirkwood et al., 1994). The link to BSE was confirmed when mice
inoculated with brain homogenate from affected kudu and nyala showed similar
incubation times and histological lesions as mice infected with BSE (Jeffrey et al.,
1992, Bruce et al., 1994).
1.1.9 BSE in non-human primates
Non-human primates including lemurs and a rhesus macaque became infected with
BSE after consuming contaminated feed (Bons et al., 1999). The clinical symptoms
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were described as non-specific neurological signs (altered behaviour and locomotion)
Pathological symptoms included spongiform change, vacuolation, neuronal loss in
the cerebral cortex,brain stem, superior colliculus and thalamus, astrocytosis in the
white matter and cortex as well as in proximity to blood vessels, and deposition of
PrPSc in small aggregates throughout the brain. Extraneural accumulation of PrPSc
was also observed in the tonsil, oesophagus, lymphoreticular cells of the stomach,
epithelial cells and Peyer’s patches of the intestine, and spleen (Bons et al., 1999).
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1.2 TSE agent
The nature of the TSE agent (TSEA) has been the subject of much controversy. The
TSEA has many properties consistent with viruses namely its infectivity and its
ability to form distinct strains mostly evident as the well characterised distinct strains
of scrapie (Dickinson and Meikle, 1971; Bruce et al., 1991; scrapie strains reviewed
by Bruce, 1993). Moreover a “species barrier” is evident upon transmission of TSEs
between different species, for instance from rats to mice. This means that the disease
cannot readily be transmitted upon inoculation of an animal with brain material from
a different species. In order for disease symptoms to present, the inoculum has to be
passaged several times within the new host species (Pattison and Jones, 1968). The
TSEA has other remarkable properties, namely it is largely resistant to treatments
that inactivate nucleic acids such as ultra-violet (UV) irradiation, ionising radiation
and nuclease digestion (Alper et al. 1967; Latarjet et al. 1970; Gibbs et al., 1978).
However, it is partially sensitive to treatments that destroy proteins, such as
proteinase K digestion (Prusiner 1982).The abnormal isoform of the PrP protein,
PrPSc, has a central role in TSEA infection. Infectivity in TSEs has been shown to copurify with PrPSc (Bolton et al, 1982; McKinley et al, 1983; Prusiner et al, 1984;
Gabizon et al., 1988). Moreover, it appears that in TSE infected brains the normal
host cell prion protein PrPC becomes converted to the abnormal PrPSc isoform, which
aggregates into disease-associated fibrils (Merz et al., 1981). Also, low and variable
levels of nucleic acid have been shown to co-purify with PrPSc (Kellings et al, 1992).
However, a nucleic acid specific to TSEs has not yet been isolated. It has been
suggested that the TSEA is smaller than any known virus or viroid (Alper et al,
1966) whereas others believe its size is consistent with that of a small virus (Rowher
1991) so the issue remains controversial.
1.2.1 Virus hypothesis
Among the first theories that were put forward to explain the cause of prion diseases
was the slow virus theory (Gajdusek et al., 1966; Field 1969). The slow virus theory
proposes that the TSEA is an unconventional virus with an unusually long incubation
period. This theory was postulated following the observation that chimpanzees
inoculated with brain material from Kuru patients developed a similar condition after
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a long period of time (Gajdusek et al, 1966). Under the virus theory, the prion
protein was postulated to be a host cell receptor that would interact with the virus
determining susceptibility to infection (Kimberlin, 1990; Rowher, 1991). The
conversion of PrPC to PrPSc was proposed to occur by interaction with the virus
(Diringer, 1991). The species barrier was explained as different affinities of the
species specific “receptors” (PrPC protein) for the virus which then adapted by
mutation, hence the subsequent alleviation of the species barrier through passage in a
new host species. The abundance of host cell receptor for the virus was proposed to
correlate with the length of incubation time, thus explaining the lack of TSE disease
in Prnp knockout mice which lack PrPC. (Bueler et al, 1992; Bueler et al, 1993;
Manson et al 1994; Brandner et al., 1996). The virus theory seemed to explain the
existence of different “strains” of scrapie but was contradicted by studies
determining the size of the infectious particle, which appeared to be smaller than any
known virus or viroid (Alper et al 1966). Moreover as no one has succeeded in
isolating the nucleic acid of the virus this theory has been impossible to prove.
1.2.2 Virino Hypothesis
An adaptation of the virus hypothesis, taking into account the central role of the
prion protein, was the virino hypothesis, proposed by Dickinson and Outram in 1988.
The virino theory proposes that the TSEA consists of a very small nucleic acid
coated by the host PrPC protein (Dickinson and Outram, 1988). The protein coat was
postulated to confer a protective effect which would explain the resistance of the
TSEA to nucleic-acid inactivating treatments, as well as its partial sensitivity to
treatments that destroy proteins. The different strains of TSEs would be explained by
mutations in the nucleic acid. The unusually small size of the nucleic acid would be
explained by the fact that it would not have to encode viral proteins, as the virino
could utilise the PrPC of the host. Moreover, the variable ratio of infectivity/PrPSc
observed in various studies (Manuelidis et al., 1987; Aiken et al., 1989; Bolton et al.,
1991; Xi et al., 1992; Sakaguchi et al., 1993) would be explained as the variable
proportion of correctly assembled virinos to free PrPSc.
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1.2.3 Protein-only hypothesis

Figure 1.1 Models of PrPC to PrPSc conversion. (A) The heterodimer model (B) The
noncatalytic nucleated polymerization model. (Adapted from Aguzzi et al, 2004)

Faced with the unusual properties of the TSEA, several researchers postulated that it
was an unconventional pathogen lacking nucleic acids (Alper et al., 1967; Griffith
1967; Pattison and Jones, 1967). Stanley Prusiner won the Nobel Prize in Medicine
in 1997 for the protein-only hypothesis postulating that the TSEA is the abnormal
PrPSc isoform, which has the ability to alter the tertiary structure of the normal PrPC
protein when it comes into contact with it (Prusiner, 1982).
The conversion process has been the subject of much study. It is still not fully
understood, but there are currently two proposed models (summarised in Figure1.1),
both of which suggest a direct interaction of PrPSc with PrPC (Griffith 1967; Prusiner,
1982; Jarrett and Lansbury 1993).
The “refolding” or heterodimer model proposes that PrPSc interacts with either PrPC
or a partially folded intermediate, and initiates a conversion reaction which changes
the substrate’s conformation into a new beta-sheet rich protein. Subsequently, the
new protein initiates a new conversion cascade perpetuating the reaction. The
nucleated polymerisation model proposes that the PrPCÆPrPSc conversion is a
reversible thermodynamically controlled process. According to this model, PrPC can
only be converted when it adds on to an aggregate or “seed” fibril of PrPSc.
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Under the protein-only theory the multiple TSE strains are explained by the existence
of PrPSc isoforms with varying conformations. The PrPSc protein exists in three
states; unglycosylated, monoglycosylated, and diglycosylated. The relative
abundance of each glycoform is characteristic of different prion strains, and this
could be the basis of varying conformations and strain properties (Collinge et al.,
2005). As well as having variable glycoform ratios, different PrPSc strains are also
distinguishable by the size of fragment produced following proteinase K digestion.
This happens because different PrPSc conformations expose different epitopes for
cleavage (Parchi et al., 2000). Evidence for the importance of conformation in strain
determination was first provided by studies on the hyper and drowsy strains of
hamster-adapted TME. Drowsy and hyper strain prions were shown to be distinct
isoforms distinguishable by a 1 KDa difference after Proteinase K digestion. When
incubated in vitro with radiolabelled PrPC, prion preparations from the drowsy and
hyper strain were able to convert PrPC to PrPSc, which retained the characteristics of
the inoculum (Bessen and Marsh 1994; Bessen at al., 1995).
The species barrier can also be explained under the protein-only theory, based on the
assumption that interactions between PrPC and PrPSc would be favoured between
molecules having the same amino acid sequence. As different species have slightly
different PRNP genes encoding the prion protein, the resulting prion proteins have
differences in their amino acid sequence. Studies on a transgenic mouse line able to
express both mouse and hamster prions demonstrated interactions between
homologous prions, as the inoculum dictated the type of prion that would be
synthesised. (Prusiner 1990). This confirms the hypothesis that interactions between
PrPC and PrPSc are favoured between homologous molecules and suggests that the
species barrier might reflect the inefficient interaction between non-homologous
prion species. The alleviation of the species barrier following passage in the new host
might reflect the inoculum PrPSc’s conformational adaptation to the match the host’s
PrPC conformation.
The protein-only theory is currently the most widely accepted theory for TSE
propagation. It is supported by several lines of evidence including the fact that the
TSEA markedly survives treatments that are known to inactivate nucleic acids (Alper
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et al. 1967; Latarjet et al. 1970; Gibbs et al., 1978) but is sensitive to treatments that
inactivate proteins (Prusiner 1982). Additional support for the protein-only
hypothesis is provided by mouse Prnp knockout experiments which demonstrate that
absence of PrPC confers resistance to infection (Bueler et al 1992; Bueler et al 1993
Manson et al., 1994; Brandner et al., 1996), and conditional knock-out of Prnp
reverses the early symptoms following BSE infection in mice (Mallucci et al., 2002).
Moreover, synthetic prions have now been generated in vitro that are capable of
inducing disease in mice (Legname et al., 2004). More studies have since succeeded
in demonstrating cell-free conversion (reviewed by Weissmann, 2005). Another line
of evidence in favour of the protein only hypothesis is the link between hereditary
prion diseases and mutations in the gene coding for the prion protein (Collinge et al.,
1991; Palmer et al., 1991; Kitamoto et al., 1993; Deslys et al., 1994; Monari et al.,
1994; Tagliavini et al., 1994).
However, there is still conflicting evidence about the relationship of PrPSc and
disease. Absence of PrPSc does not signify absence of disease/infectivity as in some
prion diseases PrPSc is barely or not detectable (Hsiao et al., 1990; Medori et al.,
1992; Collinge et al., 1995; Lasmezas et al., 1997). The levels of PrPSc do not
correlate with severity of disease, as heterozygous Prnp0/+ mice accumulate high
levels of PrPSc in their brains but only show infectivity or pathology several months
after wild type mice (Bueler et al., 1994), whereas transgenic mice that accumulate
little PrPSc succumb to disease earlier that wild type controls (Fischer et al., 1996).
PrPSc is known to accumulate in the brains of scrapie resistant sheep that do not
develop disease when infected naturally (Buschmann et al., 2004). Moreover,
protease-resistant PrPSc has been shown to be present in small amounts in the brains
of healthy humans, as well as uninfected cows and hamsters (Yuan et al., 2006).

1.3 Normal function of PrPC
Determining the normal function of PrPC is important for understanding disease
pathogenesis, as some of the TSE symptoms could be caused or exacerbated by loss
or change of function of PrPC during disease.
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The function of PrPC is unclear, even though it would appear to be an important one
as the PRNP gene is highly conserved between species (Rivera-Milla et al., 2006).
The PrPC protein is a membrane-anchored glycoprotein, associated with lipid rafts,
expressed in a number of cell types in the brain and CNS as well as the periphery,
during embryonic development and throughout adult life.
Attempts to elucidate the protein's function by gene knockouts have yielded
conflicting results. Prnp knock-out (KO) mice develop normally and show no
neuropathological effects (Bueler et al., 1992; Manson et al., 1994). The same is true
for mice with conditional, post-natal Prnp knock-out using the Cre-LoxP system
(Malucci et al., 2002). However, expression of partially truncated PrPC protein is
very toxic in mice (Fischer et al., 1996).
There is a wealth of evidence suggesting involvement of PrPC in protection from
apoptosis and promotion of cell growth. In cell culture, PrPC has been shown to
prevent Bcl-2 associated protein x (Bax) induced apoptosis, tumour necrosis factor
alpha (TNFα) induced apoptosis, and doppel (Dpl) induced apoptosis (Park et al,
2000; Roucou et al, 2003). The anti-apoptotic role could overlap with the suggested
anti-oxidative stress role, evidence for which is less clear-cut (reviewed in Halliwell
et al., 2006). A role for PrPC in transmembrane signalling has also been described.
PrPC has been implicated in serotonergic signalling (Mouillet-Richard et al., 2005),
Akt signalling (Weise et al., 2006), phosphoinositide-3 (PI-3) kinase signalling
mediated through copper binding to the N-terminal octapeptide domain of the prion
protein, leading to enhanced cell survival, (Vassallo et al., 2005) protein kinase A
(PKA) signalling through interaction with stress-inducible protein 1 (STP1)
enhancing neuroprotection (Zanata et al., 2002; Lopes et al., 2005).
A role for PrPC has also been suggested in growth promotion and erythropoiesis
(Zivny et al., 2008) and neurogenesis (Steele et al., 2008).
PrPC has also been implicated in normal synaptic function (Collinge et al., 1994;
Whittington et al., 1995; Colling et al., 1996; Herms et al., 2001), tying in with
circadian activity and learning impairment in PrPC knock-out mice (Tobler et al.,
1996). Another suggested role for PrPC is copper ion binding and uptake (Klamt et
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al., 2001; Brown et al., 2001) and adhesion to the extracellular matrix (reviewed by
Bass and Ellis, 2002). The cell adhesion function was further characterised in
zebrafish embryos by Málaga-Trillo and colleagues (Málaga-Trillo et al., 2009).
They showed that PrPC can directly mediate Ca2+- independent cell-adhesion via Srcrelated kinase signalling, as well as indirectly regulate Ca2+-dependent adhesion
mediated by cadherins. The E-cadherin mediated cell adhesion, regulated by PrPC, is
essential for morphogenesis in early zebrafish development, and PrPC-knockout
embryos had arrested development, a phenotype rescued by heterologous PrPC from
mice.
1.4 Sheep scrapie
Scrapie is a natural infection of sheep and has been recognised for hundreds of years,
with the first description of scrapie dating back to 1755; when the British Parliament
discussed the economic impact of a fatal disease that was spreading in sheep and
affecting the quality of their fleece (Journal of the House of Commons, 1755 v.27
p.87).
1.4.1 Propagation of infection
Scrapie infection occurs largely via the oral route, although there is experimental
evidence of infection through the skin (Taylor et al., 1996). Both horizontal and
vertical transmission is known to occur. The horizontal transmission (from animal to
animal) is believed to occur by consumption of infected placentae, as placental tissue
has been found to contain infection (Pattison et al., 1972). Faecal-oral transmission
has also been suggested as a mechanism of infection as faeces have been found to
harbour infectivity (Safar et al., 2008) Moreover, PrPSc is able to bind to solid
components with high affinity so infectivity persists in the pasture (Johnson et al.,
2006; Rigou et al., 2006). Vertical transmission may occur in utero, during the birth
process, via exposure to contaminated placenta, or via ingestion of contaminated
milk or colostrum (Borras et al., 1982; Foster et al., 1996; Wrathall et al., 1997;
Wrathall et al., 2008). Sheep-to-sheep transmission of BSE and scrapie has been
shown to occur via blood transfusion (Houston et al., 2000; Hunter et al., 2002).
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Once the PrPSc is ingested, it needs to cross the intestinal barrier in order for the
infection to progress. This is thought to occur at Peyer’s patches (PPs), specialised
structures of the gut associated lymphoid tissue (GALT) which facilitate the transport
of particles and pathogens and their uptake by antigen presenting cells (APCs). It is
believed that dendritic cells and also possibly macrophages in the PPs take up PrPSc
and transfer it via lymph to the mesenteric lymph nodes (MLNs) where it is taken up
by follicular dendritic cells (FDCs) (McBride et al., 1992; Brown et al., 1999;
Maignien et al., 2005). The prion persists and “replicates” (by converting cellular
PrPC) in the peripheral lymphoid organs (lymph nodes, spleen, tonsils) before it
reaches the CNS (Maignien et al., 1999; Mabbott 2001) through the gastrointestinal
nerve endings or other nerve fibres of the peripheral nervous system (PNS)
(Groschup et al., 1999; Prinz et al., 2003).
In infection through skin scarification, PrPSc is taken up by Langerhans Cells (LCs)
or dendritic cells (DCs) and is transported to the draining lymph node (Mohan et al.,
2005; Glaysher et al., 2007). In the lymph of animals infected through skin
scarification, PrPSc has also been found to associate with neutrophils (Gossner et al.,
2006).
1.4.2 Genetic susceptibility
There is a very strong association between the genetic background of sheep and their
susceptibility to scrapie, so much so that scrapie was for a long time considered a
genetic disease (Parry, 1984). Polymorphisms in several regions of the PRNP gene
have been linked to susceptibility and resistance (Hunter et al., 1997). Three of the
most important ones are the valine to alanine (V/A) transition at codon 136, arginine
to histidine (R/H) at codon 154, and glutamine/arginine/histidine (Q/R/H) at codon
171. Homozygotes for the VRQ allele are more susceptible to scrapie infection, and
succumb to clinical disease after shorter incubation periods than either VRQ
heterozygotes or sheep of different genotypes. The genotypes AHQ/AHQ,
ARQ/ARQ and ARR/ARR have been associated with resistance to scrapie. The risk
of scrapie associated with different genotypes in Great Britain sheep was estimated
in a large scale study by Baylis and colleagues (Baylis et al., 2004). Similar risks per
genotype were also found in a later study (Tongue et al., 2006).
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1.4.3 Disease control
Table 1.3 Risk group allocation of the 15 most common sheep PRNP genotypes under
the National Scrapie Plan.
NSP group

Genotype

Associated scrapie risk

1

ARR/ARR

Very low

2

ARR/AHQ

Low

ARR/ARH
ARR/ARQ
3

AHQ/AHQ
AHQ/ARH

Moderate, especially in
ARQ/ARQ

AHQ/ARQ
ARH/ARH
ARH/ARQ
ARQ/ARQ
4

ARR/VRQ

Moderate

5

AHQ/VRQ

High, especially in
VRQ/VRQ

ARH/VRQ
ARQ/VRQ
VRQ/VRQ
Adapted from Dawson et al., 2008

The emergence of vCJD and its link to BSE (Will et al., 1996; Bruce et al., 1997;
Hill et al., 1997), combined with the fact that experimental infection of sheep with
BSE produces a disease very similar to scrapie (Foster et al., 1993), raised the
possibility that the sheep flock could act as a reservoir for BSE “masked” as scrapie,
and increased the need for effective scrapie control.
Control of scrapie is problematic as there is no effective cure or vaccine for the
disease at the present time. Moreover, infection persists on the pasture for a
considerable amount of time (Brown et al., 1991; Seidel et al., 2007). After
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eliminating the affected animals, it is necessary to avoid re-infection by maintaining
a “closed” flock (Woolhouse et al., 1998). Also, selective breeding is being
employed under the National Scrapie Plan (NSP), launched in 2001, to increase the
prevalence of sheep with the resistant genotypes and eliminate naturally susceptible
animals (www.defra.gov/NSP). As part of the NSP, common PRNP genotypes were
classified under five risk categories (Table 1.3), and ram genotyping was employed
in order to allow for selective breeding of resistant genotypes. The program was
successful in reducing the prevalence of types 4 and 5 genotypes from 5.9% to 2.3%
between 2002 and 2006 (Warner et al., 2006).
A concern associated with the NSP was that selecting against certain PrP alleles
could reduce the prevalence of desirable breeding traits that might be linked to the
PrP locus on chromosome 13, even though there has been no evidence of this as yet
(Sweeney and Hanrahan, 2008). Another concern was that increasing genetic
homogeneity would make the population more vulnerable to future diseases (scrapie
strains or other disease) that could target the genotypes that are “low risk” for
classical scrapie. For both these reasons, a semen archive has been created,
containing samples from all susceptible genotypes, so that different alleles can be reintroduced in the population if needed (Roughsedge et al., 2006).
Whether reducing the prevalence of susceptible genotypes will be successful in
reducing scrapie incidence depends on three assumptions being correct:
1. That resistant genotypes do not become infected. However, this is not
established, and the possibility exists that these animals can become subclinically infected (i.e. never progressing to clinical signs), and thus act as a
reservoir of infection (Dawson et al., 2008). Classical scrapie has been
described in two animals of the ARR/ARR genotype in Germany (Groschup
et al., 2007). Both animals had PrPSc accumulation but only one animal had
clinical symptoms.
2. That infection spreads only via contact with infected animals. However, this
does not address the possibility that infection could be contained in an
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environmental reservoir such as the pasture (Brown et al., 1991; Seidel et al.,
2007).
3. That there is a “universally resistant” PrP genotype. Even though codons 136,
154 and 171 play a major part in determining resistance to scrapie, incubation
periods with the same scrapie strain can vary in animals with the same PrP
genotype but belonging to different breeds, showing that overall genetic
background also affects the interplay between agent and host (Hunter et al.,
1997; Goldmann et al., 2005). Also, there is evidence that specific
quantitative trait loci contribute to susceptibility to scrapie infection in mice
(Lloyd et al., 2001) and sheep (Diaz et al., 2004), as well as to BSE infection
in mice (Manolakou et al., 2001; Lloyd et al., 2002) and cattle (HernandezSanchez et al., 2000; Zhang et al., 2004). In the case of atypical scrapie, a
leucine to phenylalanine (L/F) polymorphism at codon 141 has been linked to
susceptibility in sheep having the ARQ genotype (Moum et al., 2005). The
most

susceptible

genotypes

to

atypical

scrapie

are

AHQ/AHQ,

AF141RQ/AF141RQ and AF141RQ/AHQ, and ARR/ARR animals can also be
infected, whereas the VRQ allele does not confer increased susceptibility. It
is therefore obvious that the outcome of infection depends both on the scrapie
agent strain and the host genotype. Evidence from natural sheep scrapie
isolates transmitted to mice suggests that there is substantial scrapie strain
heterogeneity in natural sheep scrapie, reflected in differences in incubation
times in mice of the same genotype (Bruce et al., 2002).

1.5 TSE diagnosis
In light of the BSE epidemic and its recognised link to vCJD in humans (Bruce et al.,
1997), TSEs have emerged as a major threat to public health and a disease of great
economic impact for livestock farmers worldwide. BSE has spread to Europe, Japan,
Canada and America (The International Office for Epizootic Diseases www.oie.int).
In order to control BSE and vCJD it is extremely important to prevent animal to
animal transmission and subsequent animal to human transmission during the long
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pre-clinical phase of infection, when the affected animals display no obvious
symptoms. This can best be achieved by establishing a reliable method of pre-clinical
diagnosis in live animals. A diagnostic that could distinguish between uninfected and
pre-clinically infected animals in an infected herd or flock would also prevent
unnecessary culling, an important issue both in terms of animal welfare and cost.
Moreover, early identification of infected animals would reduce the risk of
contaminated meat or animal products entering the food chain.
Human TSEs have variable incubation periods, but generally these are quite long,
such as in Kuru patients, where the pre-clinical phase of infection can last up to 40
years. There is currently no ante mortem diagnostic test for TSEs in humans that
could be used for pre-clinical diagnosis and perhaps early therapeutic intervention.
Moreover, the lack of a diagnostic test that would identify pre-clinical disease
carriers means that there is no efficient way of preventing iatrogenic transmission.
PrPSc has been shown to accumulate in a range of organs and tissues in vCJD
patients, including brain and CNS, lymphoreticular system including spleen (Bruce
et al., 2001), tonsil (Hill et al., 1999; Bruce et al., 2001) and appendix (Hilton et al.,
1998; Joiner et al., 2002), as well as peripheral and enteric ganglia, (Hainfellner et
al., 1999), ileum (Joiner et al., 2005), muscles (Peden et al., 2006), and ocular tissue
(Head et al., 2003). In sCJD, PrPSc is not as widely distributed but does accumulate
in brain, CNS and ocular tissues (Head et al., 2003). Iatrogenic CJD has been shown
to occur from transmission of vCJD infected blood (Llewellyn et al., 2004; Peden et
al., 2004; Wroe et al., 2006). It is also known that iCJD has been contracted from
sCJD-infected tissue transplants, hormone therapy, and surgical instruments
(reviewed by Brown et al., 2000).
For these reasons, an ante mortem diagnostic test is urgently needed. The ideal
diagnostic test would have high sensitivity and specificity, allow for early, preclinical diagnosis, be non-invasive (preferably blood or urine-based), cost-effective
and high-throughput.
Due to the nature of the infectious agent in TSEs, the use of conventional diagnostic
approaches such as PCR- based methods, serology, or cell culture is problematic. As
there is no recognised nucleic acid component to the TSEA, it is not possible to use
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PCR based diagnostic tests for PrPSc. Moreover, the abnormally folded PrPSc is
otherwise identical to its normal cellular counterpart, and is therefore not recognised
as foreign by the host’s immune surveillance mechanisms. Consequently, there is no
detectable immune response that can be used as the basis for diagnosis (Kubler et al.,
2003).
Histopathological examination of brain material, to establish the presence of
pathological changes such as astrogliosis, the characteristic spongiform change, and
the deposition of amyloid plaques, is considered a requirement for definite TSE
diagnosis. Most currently used molecular diagnostic methods are based on the
detection of PrPSc itself, which is the only specific marker of TSE disease to date
(Miller et al., 1993). However, even the use of PrPSc based diagnostics is problematic
as PrPSc does not always correlate with disease or infectivity (Section 1.2.3).

1.5.1 PrPSc-based diagnosis (post mortem)
1.5.1.1 Immunohistochemistry (IHC)
Most currently used molecular diagnostic methods exploit the physicochemical
properties of PrPSc, namely its partial protease resistance and its different tertiary
structure to PrPC. Immunohistochemical (IHC) methods using anti-PrP antibodies are
widely used. For a long time there were no specific antibodies for PrPSc, as the
structures of both PrP proteins are very similar and antibodies reacted with both PrPC
and PrPSc. To overcome this problem, most methods employ a protease digestion
step to remove PrPc, and antibodies are then used to detect the protease-resistant
PrPSc. Antibodies that recognise PrPSc have now been described, and these are used
in conformation-based diagnostic methods (Korth et al., 1999; Paramithiotis et al.,
2003; Moroncini et al., 2004; Moroncini et al., 2006; Jones et al., 2008; Cordes et
al., 2008).
Determination of the localisation of aggregated PrPSc is another important part of
diagnosis. Usually PrPSc distribution is similar to the distribution of lesions seen with
histology, but PrPSc can also be observed in the absence of spongiform change.
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While IHC is a very reliable technique, it is also considerably specialised and can
only be carried out in a laboratory setting by a qualified person. Therefore, it is not
suited to large-scale diagnosis.
1.5.1.2 Western blot
Western blot analysis for the detection of PrPSc is a well established and reliable
method. Samples are digested with proteinase K, denatured with SDS, size
fractionated by polyacrylamide gel electrophoresis (PAGE), transferred onto a
membrane and detected with an enzyme-labelled antibody. The electrophoretic
mobility of the fragments produced after proteinase K digestion varies between PrPSc
strains, as does the relative abundance of different glycoforms. The PK-resistant core
can be 21 KDa in size (Type 1), 19 KDa (Type 2), Type 2A, or 7-8 KDa (Type 3).
This happens because of different PK cleavage sites on PrPSc (Parchi et al., 2000).
This molecular phenotype is used for the detection of different strains (Parchi et al.,
1999; Hill et al., 2003), however it is now believed that a mixture of different strains
co-exist in brain samples from different human TSE diseases (Puoti et al., 1999;
Head et al., 2001; Head et al., 2004; Polymenidou et al., 2005; Yull et al., 2006;
Schoch et al., 2006).
1.5.1.3 Bioassay
A TSE bioassay is an experiment where tissue homogenate, potentially containing
infectivity, is inoculated into animals (usually mice or hamsters but other animals
such as cattle, sheep or deer can also be used), and those animals are monitored for
clinical symptoms of disease, PrPSc accumulation, and brain pathology. A bioassay is
one of the most reliable methods for TSE diagnosis. Bioassays are also used for
characterisation of different TSE strains based on their distinguishing features such
as incubation time, clinical symptoms, brain pathology, distribution of PrPSc, as well
as detection of distinct PK resistant PrPSc core fragments, differing in their size or
glycoform ratio (the characterisation of PrPSc core fragments is termed “molecular
typing” and is also done outside the context of a bioassay). However, bioassays are a
time-consuming, costly, and complicated process, and could not be used for routine
screening for ethical as well as practical reasons.
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1.5.1.4 Rapid tests
As a response to the BSE outbreak, commercial “rapid” tests were developed for post
mortem screening of cattle at abattoirs for BSE, in order to prevent contaminated
meat entering the food chain. Commercial tests were evaluated by the scientific
committee of the European Food Safety Authority (EFSA) using very strict criteria.
The sensitivity (percentage of correctly identified positive samples) and specificity
(percentage of correctly identified negative samples) of each assay were determined
by testing a panel of known samples, whose TSE status had been confirmed by
immunohistochemistry. Some of the rapid tests for BSE have now been modified to
detect scrapie in sheep and goats, and some sheep and goat-specific rapid tests have
also been developed. All currently approved tests are listed in Table 1.4. Samples
identified as positive at the abattoir using rapid tests are always sent to state
diagnostic laboratories for independent confirmation by IHC.
Most rapid TSE tests use proteinase K digestion to remove PrPC followed by
detection of PrPSc using one or two labelled antibodies (enzyme linked
immunosorbent assay (ELISA)). The Speed’it BSE (Institut Pourquier) uses
chemiluminescent ELISA to detect Proteinase K resistant PrPSc using a monoclonal
antibody. The FRELISA BSE test (Fujirebio), the Prionics-Check LIA test (Prionics
AG), the Beta Prion BSE EIA Test Kit (Roboscreen), and the PrionScreen test
(Roche Applied Science) all use proteinase K digestion to remove PrPC followed by
two antibody (“sandwich”) ELISA.
The Inpro conformation-dependent immunoassay (CDI) kit (Beckman Coulter)
exploits the increased exposure of hidden PrPSc epitopes following denaturation. The
antibody it uses binds to an epitope that is always exposed in PrPC, but is only
exposed in PrPSc after chemical denaturation. The sample is divided in two and
reactivity to antibody is measured in its native state (detecting PrPC) as well as
following denaturation (detecting PrPSc).
The TeSeE test (Biorad) uses proteinase K digestion to remove PrPC, centrifugation
to concentrate the sample and denaturation to solubilise the remaining PrPSc. This is
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followed by detection by a “sandwich” ELISA using two monoclonal antibodies
against PrPSc (Grassi et al., 2000).
The TSE kit version 2 (Enfer) uses proteinase K to remove PrPC, while PrPSc is
immobilised onto the hydrophobic surface of the plate, denatured to expose the
epitope recognised by the antibody and detected by chemiluminescent ELISA (Enfer
Scientific website, http://www.enferscientific.com).
The HerdCheck (IDEXX) assay does not incorporate proteinase K digestion, instead
uses an affinity capture ligand (Seprion) on a dextran polymer to selectively bind
PrPSc, which is then denatured to expose a hidden epitope and detected by a
monoclonal antibody conjugated to horseradish peroxidase (HRP). This technique is
termed

antigen-capture

enzyme

immunoassay

(EIA)

(IDEXX

website,

http://www.idexx.com)
The BSE test (CediTect) uses proteinase K digestion to remove PrPC. The samples
are then transferred to PVDF filter plates, treated with a chaotropic reagent, exposing
hidden epitopes on PrPSc, which is then detected using chemiluminescent ELISA
with a monoclonal antibody (Berthold technologies website, http:// www.
berthold.com).
Check PrionSTRIP (Prionics) uses lateral flow technology rather than immobilised
antibody, and utilises two monoclonal antibodies to detect proteinase K resistant
PrPSc.
Prionics-Check Western test (Prionics AG) incorporates a proteinase K digestion
step to remove PrPC, followed by automated SDS-PAGE Western blot.
The small ruminant rapid tests (LIA scrapie, Prionics-Check LIA Small Ruminants
test, Prionics-Check Western Small Ruminants test) follow the same methods as their
BSE counterparts, but the antibodies used are specific for scrapie prions.
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Table 1.4 Rapid Tests for TSE diagnosis approved by the EU. (Adapted from information
on the DEFRA website, http://www.defra.gov.uk/animalh/bse/science-research/tsediagnostics/test-approved-eu.html)

Name of test (Manufacturer)

Format of test

Tests approved for use in cattle, sheep and goats
InPro CDI kit (Beckman Coulter)

Conformation-dependent immunoassay

TeSeE test (Bio-Rad)

ELISA

TSE kit version 2 (Enfer)

ELISA

HerdChek BSE(-Scrapie) Antigen Test

ELISA

Kit (IDEXX)
Tests approved for use in cattle only
BSE test (CediTect)

ELISA

FRELISA BSE test (Fujirebio)

ELISA

Speed’it BSE (Institut Pourquier)

ELISA

Prionics-Check LIA test (Prionics AG)

ELISA

Prionics-Check PrioSTRIP (Prionics AG)

Lateral flow immunoassay

Prionics-Check Western test (Prionics AG)

Western blot

Beta Prion BSE EIA Test Kit (Roboscreen)

ELISA

PrionScreen (Roche Applied Science)

ELISA

Tests approved for use in sheep and goats only
TeSeE Sheep/Goat test (Bio-Rad)

ELISA

LIA scrapie (Institut Pourquier)

ELISA

Prionics-Check LIA Small Ruminants test

Lateral flow immunoassay

(Prionics AG)
Prionics-Check Western Small Ruminants

Western blot

test (Prionics AG)
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1.5.2 PrPSc-based diagnosis (ante mortem)
1.5.2.1 Brain biopsy
Ante mortem brain biopsies have the disadvantage of sometimes leading to false
negative results as they can be taken from areas of the brain that are not affected
(Will et al., 1996), as well as being very invasive and costly procedures. Another
drawback is that some of the histopathological changes only become apparent shortly
before the onset of clinical symptoms, in the late stage of the disease, and therefore
the method cannot be used for early, pre-clinical diagnosis.
1.5.2.2 Peripheral lymphoid tissue biopsy
As PrPSc accumulates in lymphoid tissues in the pre-clinical phase of TSE disease,
before reaching the CNS and brain, immunohistochemistry of lymphoid tissue
biopsies obtained ante mortem has been proposed as an early diagnostic method.
PrPSc accumulation was detectable by IHC in the tonsils of VRQ/VRQ sheep,
naturally infected with scrapie, at eight months of age, a year and a half before the
appearance of clinical symptoms at 25 months (Schreuder et al., 1996; Schreuder et
al., 1998). In the same study, no PrPSc could be detected in the tonsils of VRQ/ARR
sheep at any time, VRQ/ARQ sheep stained positive for PrPSc between 14-15
months, and a VRQ/ARH sheep became positive at 16 months, indicating that PrPSc
levels in the tonsil are variable between genotypes increase earlier in susceptible
sheep (Schreuder et al., 1998).
PrPSc was successfully detected using IHC and Western blot analysis in tonsil
obtained at necropsy from a vCJD patient, raising the possibility that ante mortem
tonsil biopsies could be used for diagnosis of vCJD (Hill et al, 1997). A subsequent
study assessing prevalence of accumulated PrPSc in tonsil, spleen and lymph node
samples obtained at necropsy from confirmed vCJD patients, other neurological
disease patients and normal controls revealed that all samples from vCJD patients
were positive for PrPSc accumulation, unlike controls (Hill et al., 1999). The same
study detected PrPSc accumulation in tonsil biopsies from eight patients with
suspected TSEs, all of whom were later confirmed to have vCJD, whereas no PrPSc
was detected in the tonsils of twelve other patients, later confirmed to have other
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diagnoses (Hill et al., 1999). PrPSc was also detected in the appendix of a patient later
confirmed as having vCJD (Hilton et al., 1998). A retrospective study of PrPSc
prevalence in appendectomy and tonsillectomy samples did not find any PrPSc in the
first 3000 samples tested (Ironside et al., 2000) but when focussed on samples from
younger patients in the 20-29 age range, 3 samples out of 14964 were identified as
PrPSc positive (Hilton et al., 2004). Another retrospective study of 2000 samples did
not detect any positive for PrPSc (Frosh et al., 2004).
PrPSc was detected in the nictitating membrane or third eyelid of sheep infected with
scrapie (O’Rourke et al, 1998; 2000). Superficial lymphoid follicles were removed
from the nictitating membrane using local anaesthesia, and PrPSc was detected using
IHC. The sensitivity of this test was estimated at 87% and the specificity at 94%
(O’Rourke et al., 2000).
A method for PrPSc detection in samples of rectal mucosa associated lymphoid tissue
was described, in sheep naturally infected with scrapie and experimentally infected
with BSE (González et al., 2008). The method was able to detect PrPSc accumulation
in pre-symptomatic animals and had the advantage that it did not require sedation.
Biopsy of peripheral lymphoid tissues is a less invasive and less dangerous process
than brain biopsy, however most of the biopsies described cannot be obtained
without anaesthesia, increasing the cost and complexity of the procedure and limiting
its applicability for routine screening of animals. Moreover, studies of nictitating
membrane biopsies in sheep have shown that there is a high probability of false
negative results, and that the levels of PrPSc in these membranes are only reliably
high in susceptible sheep (Ersdal et al., 2005). In intermediate genotypes, PrPSc may
be undetectable in lymphoid tissues, or detectable accumulation may occur late in the
disease when clinical symptoms have already become apparent (van Keulen et al.,
1996; O’Rourke et al., 2000). Also, peripheral lymphoid accumulation of PrPSc does
not occur in cattle BSE and BSE related diseases such as FSE to the same extent as
in scrapie and vCJD (Bradley, 1999), although PrPSc has been shown to accumulate
in the ileum of BSE infected cattle (Iwata et al., 2006).
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1.5.2.3 Western blot for PrPSc detection in urine
A band suggested to represent PrPSc was detected in the urine of hamsters, cattle and
humans infected with TSEs and this was proposed as a pre-clinical diagnostic
method (Shaked et al., 2001). However, detection of PrPSc in urine samples from 100
patients with suspected CJD, using Western blot, was found to have low diagnostic
sensitivity and specificity (Head et al., 2005). Cross-reactivity with other proteins
such as immunoglobulins has hampered this method (Serban et al., 2004; Head et al.,
2005; Kariv-Inbal et al., 2005).
1.5.2.4 Rapid tests
The European Food Safety Authority has recognised the need for a live (ante
mortem) rapid TSE test and has set out the guidelines for field trials of such tests,
outlined in the EFSA Scientific Report (2004) 9, 1-8 on the Design of a Field Trial
Protocol for the Evaluation of BSE Tests for Live Cattle. So far, only one test, the
“AquaSpec BSE” (Scil Diagnostics and DiaSpec) was chosen for evaluation,
however, it did not meet the selection criteria (Scientific Report on Transmissible
Spongiform Encephalopathy (TSE) on a request from the European Commission on
the evaluation of a rapid ante mortem BSE test, The EFSA Journal (2006) 95; 1-14).
The use of conformation dependent immunoassay (CDI), a technique detecting
conformational differences between PrPSc isoforms by specific antibody binding to
native and denatured protein, has been proposed as an ante mortem screening method
(Safar et al., 2002). A modification of CDI using a “sandwich” format with three
anti-PrP antibodies was able to detect PrPSc in human blood plasma spiked with
vCJD prions (Bellon et al., 2003).
Immunoquantitative-PCR (iqPCR), a technique using antibody to detect low levels of
protein, followed by PCR amplification of a nucleic acid conjugated to the antibody,
was described for PrPSc detection in bovine brain extract (Gofflot et al., 2004). This
technique has been used for the detection of small amounts of PrPSc in hamster brain
(Barletta et al., 2005) and was found to be 100% specific and have a 10-fold lower
detection threshold than traditional ELISA in detecting PrPSc in brain samples from
sCJD patients (n=7) compared to non-CJD controls (n=7) (Gofflot et al., 2005).
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Immunoquantitative-PCR has been suggested as a suitable method for ante mortem
TSE diagnosis but remains to be validated in this setting.
Immuno Capillary Electrophoresis (ICE) involves titration of a fluorescently labelled
synthetic PrP sequence peptide with polyclonal antibody. The competition of
unlabelled and labelled peptide for antibody is measured and a competition curve
obtained. The sample is mixed with antibody and fluorescent peptide, followed by
capillary electrophoresis with fluorescence detection. The electropherogram shows
two peaks, one for bound and one for free peptide. In samples containing PrPSc there
is more competition for antibody binding so there is less bound peptide (lower first
peak) and more free peptide (higher second peak). The ratio of bound/free peptide in
control samples was found to be >75%, and therefore the threshold for PrPSc was set
at <0.70. This method was able to detect PrPSc in the blood of sheep naturally
infected with scrapie and mule deer naturally infected with CWD (Schmerr et al.,
1999; Yang et al., 2005 a and b). ICE was used to detect PrPSc in the blood of
VRQ/VRQ and VRQ/ARR sheep in the pre-clinical stages of scrapie infection
(Jackman et al., 2006). The ICE method was unable to distinguish between vCJD
blood from humans and chimpanzees and that of controls (Cervenakova et al., 2003).
This finding was repeated in a later study where ICE failed to distinguish between
vCJD blood (n=5), blood samples from sCJD patients (n=4) and other neurological
disease controls (n=6) (Lourenco et al., 2006).
The misfolded protein diagnostic (MPD) assay, a method using fluorescently labelled
synthetic peptides which undergo a conformational change and emit fluorescence at a
different wavelength when they interact with PrPSc , has been able to detect PrPSc in
pre-symptomatic hamsters experimentally infected with scrapie strain 263K (Grosset
tet al., 2005). The same technique was also able to detect PrPSc in the blood of sheep
naturally infected with scrapie, mice experimentally infected with GSS, squirrel
monkeys experimentally infected with human sCJD (n=8), and samples from sCJD
patients (n=5) (Pan et al., 2007). MPD has been suggested as a method for the
detection of pre-clinical scrapie or BSE but needs further validation.
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1.5.2.5 Protein Misfolding Cyclic Amplification
Automated protein misfolding cyclic amplification (PMCA) was proposed as an ante
mortem method for blood-based TSE diagnosis (Castilla et al., 2005). PMCA
involves incubation of PrPSc in tissue samples with excess PrPC to enlarge PrPSc
aggregates, followed by sonication to break the aggregates into multiple smaller
“seed” units which induce the formation of new aggregates. The method had an
estimated 89% sensitivity and 100% specificity when applied to blood samples from
12 healthy control and 18 terminal scrapie mice. The levels of PrPSc in the brain of
these mice did not correlate with the levels of blood PrPSc, which were highly
variable (Castilla et al., 2005). Later studies utilising the PMCA method were able to
detect PrPSc in blood of 60% of scrapie-infected hamsters at the pre-symptomatic
time point of 60 d.p.i (Saa et al., 2006). A study using a technique called Am-SFACTT, which combines a prion amplification step (am) with an aggregationspecific ELISA (AS-ELISA) and a fluorescent amplification step catalysed by T7
RNA polymerase (FACTT), reported the detection of PrPSc in blood of scrapie
infected mice with 50% sensitivity and 100% specificity at very early stages of
infection, rising to 100% at late but still asymptomatic stages (Chang et al., 2007).
The same assay was also able to detect PrPSc in the blood of mule deer, naturally
infected with CWD, at pre-symptomatic stages of infection, and in deer
experimentally infected with CWD PrPSc was detectable with 100% sensitivity at 167
d.p.i, with the animals surviving past 600 d.p.i. (Chang et al., 2007). In hamsters
intracerebrally infected with scrapie strain Sc237, PrPSc was detectable in the blood
buffy coat with 100% sensitivity at 60 d.p.i, and in the blood plasma with 50%
sensitivity at 60 d.p.i and 100% sensitivity at 68 d.p.i, however these estimates were
based on very small sample sizes of 3-5 animals, and were not replicable with oral
inoculation (Murayama et al., 2007). In the same study, PrPSc was also detectable in
the urine or orally infected hamsters for a short time after inoculation (Murayama et
al., 2007).
Despite these exciting results, the long diagnosis times (up to 72 hours) and high cost
render PMCA impractical for large scale blood diagnosis at present. Furthermore,
PMCA has been used to create infectivity de novo, from minimal components of

40

CHAPTER 1

INTRODUCTION

PrPC co-purified lipids, and a synthetic polyanion, creating PrPSc which was
infectious when inoculated intra cerebrally in hamsters (Deleault et al., 2007). From
a public health perspective, a diagnostic which is able to create infectivity is
undesirable (Grassi 2008).
1.5.3 Protein markers
1.5.3.1 Protein 14-3-3
The family of 14-3-3 proteins are highly conserved and involved in a variety of
functions such as cell signalling, cell-cycle regulation, apoptosis, and regulation of
DNA transcription (reviewed by Aitken, 2006). Elevated levels of 14-3-3 protein
were detected in the cerebrospinal fluid (CSF) of sCJD patients with high sensitivity
and specificity, and it was suggested that leakage of 14-3-3 occurred from the brain,
where its titres were elevated because of neuronal damage (Hsich et. al., 1996; Zerr
et al., 1998; Beaudry et al.,1999; Collins et al., 2000; Lemstra et al., 2000) However,
14-3-3 had only 50% specificity in the detection of vCJD (Green et al., 2001). The
14-3-3 protein was also shown to be present in the CSF of cattle infected with BSE
(Lee and Harrington, 1997), however a later study with larger sample numbers
showed that 14-3-3 expression levels in BSE cattle were not statistically significantly
different than those of control animals (Robey et al., 1998). The same was true in
sheep infected with scrapie (Tyler et al., 2001). Therefore, the 14-3-3 protein
remains useful for the differential diagnosis of sCJD (van Everbroeck et al., 2005),
but is not useful as a diagnostic test for scrapie or BSE.
1.5.3.2 Amyloid beta 1-42
The aggregation of amyloid beta peptides, cleaved from the amyloid beta precursor
protein (APP), in plaques, is a central pathological feature of Alzheimer’s disease
(AD) (Masters et al., 1985; Haass and Selcoe, 1993). Decreased levels of amyloid
peptide beta1-42 are a marker of AD, but were also shown to be decreased in the
CSF of sCJD patients (Otto et al., 2000; Kapaki et al., 2001). The ratio of Abeta1-39
to Abeta1-42 was proposed as a differential diagnostic for sCJD and AD, as it was
found to be higher in sCJD patients compared to AD patients (Wiltfang et al., 2003).
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1.5.3.3 Apolipoprotein E
The apolipoprotein E (APOE) protein is involved in cholesterol transport (Mahley,
1988) and plays an important role in neurite outgrowth (Holtzman et al., 1995). The
APOE gene was found to be highly expressed in brains of scrapie infected mice
(Diedrich et al., 1991; Booth et al, 2004; Riemer et al., 2004; Brown et al., 2005;
Skinner et al., 2006; Xiang et al., 2007; Sorensen et al., 2008), as well as in
astrocytes from brains of Alzheimer’s disease patients (Diedrich et al., 1991). Colocalisation of APOE with PrPSc in lesions was observed by immunohistochemistry
in brains of squirrel monkeys experimentally infected with scrapie (Nakamura et al.,
2000). The expression levels of the APOE protein were found to be increased in the
CSF of BSE-infected cattle compared to healthy controls using 2-dimensional (2D)
PAGE electrophoresis (Jones et al., 1996; Hochstrasser et al., 1997). APOE levels
were not increased in the CSF of patients with sCJD (Zerr et al., 1996) but they were
in vCJD patients (Choe et al., 2002).
1.5.3.4 Microtubule associated protein tau
The microtubule associated protein tau is found predominantly in neurons and the
CNS, where it interacts with tubulin to promote microtubule assembly (Weingarten
et al., 1975). Plaques of aggregated hyperphosphorylated tau are a prominent feature
of Alzheimer’s disease (Iqbal et al., 1986). Increased levels of tau, thought to be due
to brain leakage, were found in the CSF of AD patients compared to non-AD
neurological disease patients and healthy controls (Vandermeeren et al., 1993; Arai
et al., 1995; Jensen et al., 1995; Riemenschneider et al., 1996). Tau protein levels
were found to be increased in the CSF of sCJD patients (Otto et al., 1997) and vCJD
patients (Green et al., 2001). No studies have reported elevated tau in serum of BSE
or scrapie infected animals.
1.5.3.5 Neuron specific enolase (NSE)
Neuron specific enolase (ENO2, or NSE), is an enzyme found in mature neurons.
Levels of NSE protein were found to be increased in CSF of sCJD patients (Jimi et
al., 1992; Zerr et al., 1995; Beaudry et al., 1999; Kropp et al., 1999) but were not
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statistically significantly different from those of controls in blood serum (Zerr et al.,
1995).
1.5.3.6 PrPC
Levels of PrPC were found to be reduced in peripheral blood of vCJD and other
neurological disease patients, and increased in sCJD patients, compared to healthy
adults, using a technique called dissociation-enhanced lanthanide fluoroimmunoassay (DELFIA) (Fagge et al., 2005).
1.5.3.7 S100B protein
The S100 calcium binding protein B (S100B) family of proteins are expressed
mainly in astrocytes where they play a role in calcium metabolism, protein
phosphorylation, and cell proliferation (reviewed by Rothermundt et al., 2003).
S100B protein was found to be increased in the CSF of sCJD patients (Jimi et al.,
1992; Otto et al., 1997), vCJD patients (Green et al., 2001) and AD patients (Otto et
al., 2003). This finding was replicated in CSF from BSE-infected cattle (Green et al.,
1999). S100B was found to be significantly increased in serum from sCJD patients
(Otto et al., 1998), however, this was not the case in serum from BSE-infected cattle
(Green et al., 1999). In the serum of hamsters orally infected with scrapie, increased
levels of S100B protein were detectable at terminal disease but not during the early
stages of infection (Beekes et al., 1999).
1.5.4 Metal ion markers
The levels of copper (Cu) and manganese (Mn) have been shown to be altered in the
brains of mice experimentally infected with scrapie (Thackray et al., 2002). A study
of Mn in scrapie infected sheep blood was able to detect elevated levels of Mn in
asymptomatic sheep in all genotypes tested, including ARR/ARR, which do not
develop clinical disease (Hesketh et al., 2007). It is therefore possible that Mn levels
are a surrogate marker of TSE infection in blood.
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1.5.5 Proteomic and metabolomic markers
1.5.5.1 Fourier transform infrared spectroscopy (FT-IR)
Fourier transform infra red spectroscopy has been described as a sensitive and
specific technique for the detection of BSE in cattle and pre-clinical scrapie in
hamsters (Schmitt et al., 2002; Lasch et al., 2003; Lasch et al., 2007).
Fourier transform infrared (FT-IR) spectroscopy provides a “barcode” signature of
biological samples based on its infrared spectrum, which varies depending on sample
molecular composition. The Fourier transform is a method of data analysis, used in
this case for the classification of IR spectroscopy patterns into groups. Artificial
neural networks are trained with a sample data set and then used to identify groups in
the study data set. The FT-IR approach was first described as a diagnostic of scrapie
in blood serum from terminally ill hamsters, where it was able to identify scrapie
infected blood samples with 97% specificity and 100% sensitivity (Schmitt et al.,
2002). FT-IR testing and artificial neural network analysis (ANN) of blood serum
was able to detect BSE infected samples with 95.5% sensitivity and 92.4 %
specificity (Lasch et al., 2003). In 263K scrapie infected hamsters, FT-IR combined
with ANN was able to distinguish between infected and mock-infected controls with
87.1% sensitivity and 93.7% specificity at the pre-clinical time point of 100 d.p.i but
not at 70 d.p.i (Lasch et al., 2007).
1.5.5.2 Atomic dielectric resonance spectroscopy (ADRS)
A method combining Fourier analysis and atomic dielectric resonance spectroscopy
(ADRS) has been described for the detection of variant and sporadic CJD in blood
(Fagge et al., 2007). ADRS provides a unique “barcode” signature of materials, in
the form a spectrum of a range of frequencies, determined by their dielectric
properties, or the way in which radio/micro waves become absorbed or reflected by a
particular material. The ADRS energy measurements, in the form of images, were
subjected to fast Fourier transform (FFT) analysis. FFT generated data sets were
analysed using specialised software to obtain a measure of their Dielectric
permittivity (ε), magnetic permeability (μ) and electric conductivity (σ). The data
was then re-classified using the relationships between these parameters. Following
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this classification, match ranking analysis was performed to compare each sample to
one reference and identify samples of the same type (e.g. un-infected). Expert
systems analysis, based on analysis of variance within and between groups, was used
in order to cluster samples. The ADRS technique was able to distinguish between
vCJD, sCJD, neurological disease controls and healthy controls with 100%
sensitivity and specificity, without depending on reagents or the detection of PrPSc
(even though PrPSc could be one of the blood components influencing the sample
properties). These are very exciting techniques but remain to be validated with larger
numbers of samples, as well as using samples from other conditions.
1.5.6 Physiological markers
1.5.6.1 Electrocardiography (ECG)
BSE infected cattle have characteristic heart beating abnormalities (heart rate
variability, HRV), that can be detected by electrocardiography (ECG) before the
onset of clinical symptoms (Pomfrett et al., 2004). HRV is hypothesised to reflect
transport of PrPSc from the gut along the vagus nerve, into the dorsal vagal motor
nucleus (DMNX), a structure of the medulla oblongata connected to the nucleus of
the solitary tract (NTS), another area of the medulla which modulates heart rate
(Pomfrett et al., 2007). Further studies have to be carried out in order to validate this
method and investigate its relevance to scrapie and vCJD diagnosis.
1.5.6.2 Electroencephalography (EEG)
Sporadic CJD patients often exhibit electroencephalogram anomalies such as frontal
rhythmic delta activity (FIDRA) or periodic sharp wave complexes (PSWC) in early
and middle stages of disease, although this is not a universal feature, occurring in
about 60% of sCJD patients and 10% of iatrogenic CJD patients (reviewed by Wieser
et al., 2006). EEG changes are not commonly seen in patients with vCJD although
instances have been reported in late stages of the disease (Binelli et al., 2006). This
technique is useful in the confirmation of sCJD diagnosis in humans when combined
with other tests. Its validity for use in animal TSEs has not been tested, however even
if it was a feature of scrapie or BSE, it would be an impractical and costly approach
for large scale screening.
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1.5.6.3 Magnetic resonance imaging (MRI)
Magnetic resonance imaging has been used for the diagnosis of sCJD and vCJD,
(Finkenstaedt et al., 1996; Schroter et al., 2000). Patients with sCJD show
hyperintense basal ganglia on MRI (Meissner et al., 2004), whereas vCJD patients
have hyperintensities in the posterior pulvinar (Zeidler et al., 2000). MRI has also
been used to detect presymptomatic changes in brains of scrapie infected mice
(Sadowski et al., 2003).This is a very costly procedure which can not be applied to
large scale diagnosis of BSE or scrapie.
1.5.7 Transcriptional markers
1.5.7.1 α-haemoglobin stabilising protein (AHSP, EDRF)
The α-haemoglobin stabilising protein (AHSP, also known as erythroid
differentiation-related factor, EDRF and ERAF), is expressed in erythroid cells and
shown to bind α-haemoglobin (Kihm et al., 2002). AHSP was proposed as a
surrogate marker of prion infection that could be used for blood-based diagnosis, as
its expression was found to be strongly down-regulated in the blood and spleens of
scrapie-infected mice at the terminal stage of disease, as well as in the blood of BSEinfected sheep at the pre-clinical stage of disease (Miele et al., 2001). A subsequent
study of AHSP protein levels in blood samples of healthy individuals demonstrated
high intrinsic variability in expression, casting doubt on the suitability of AHSP as a
diagnostic marker for CJD in humans (Glock et al, 2003).
A number of erythroid genes, including AHSP, were shown to have variable
expression in scrapie-infected mouse blood, but were not differentially expressed in
blood samples of BSE-infected cattle and scrapie-infected sheep, making these genes
unsuitable as diagnostic markers for TSEs (Brown et al., 2007). Finally, AHSP
transcript and protein levels were not decreased in the blood of vCJD and sCJD
patients compared to controls, and were also unchanged in the blood of sheep during
the time course of scrapie infection (Appleford et al., 2008).
Given the disadvantages of prion-based diagnostics, the identification of surrogate
markers might be a most suitable approach for the development of a rapid, high
throughput and cost-effective test. It will perhaps not be possible to identify a single
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diagnostic marker that will be sufficiently specific and sensitive for pre-clinical
scrapie diagnosis. Nonetheless, it is possible that a panel of markers can be identified
where changes in expression correlate with development of disease. Increased
numbers of markers will add to the diagnostic specificity and sensitivity. Ideally, a
PCR-based test would be developed for use in easily accessible bodily fluids such as
blood to detect infection ante mortem. The new technologies such as microarrays that
permit simultaneous screening for thousands of genes are suitable tools for the
identification of secondary biomarkers of prion infection.
1.6 Molecular pathology
The neuropathology of scrapie is well characterised in a number of model systems,
but the underlying molecular events that lead to the subsequent pathology are still not
fully understood.
1.6.1 Gene expression studies
Microarray studies are particularly suited to the aim of dissecting the molecular
pathology of scrapie as they permit the simultaneous analysis of the expression of
large number of genes, a data driven approach which can be very beneficial when
little is known about pathological mechanisms. Gene expression studies utilising
experimentally infected mouse brains have revealed the importance of several classes
of genes in the pathogenesis of scrapie.
Genes belonging to immunity and inflammation pathways, such as the MHC I
receptor, beta-2-microglobulin, and complement components C1QA and C1QB have
been identified as being up-regulated in infected mouse brains during the clinical
phase of scrapie (Booth et al., 2004; Riemer et al., 2004; Xiang et al., 2004; Brown
et al., 2005; Skinner et al., 2006; Xiang et al., 2007). The expression of the
transcription factors Early Growth Response 1 (EGR1) and C/AAT Enhancer
Binding protein δ (CEBPD), which regulate the transcription of various immunoinflammatory genes, have also been shown to vary in mouse brains infected with
scrapie, with EGR1 being down-regulated in the clinical phase of disease (Booth et
al., 2004; Sorensen et al., 2008), and CEBPD being strongly down-regulated at early
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time-points of infection (Booth et al., 2004) but up-regulated at later time-points
(Riemer et al., 2004; Xiang et al., 2004).
Genes belonging to the proteolysis and protease inhibition pathways have also been
found to be differentially expressed in scrapie-infected mouse brains. The proteases
Cathepsin D (CTSD), Cathepsin H (CTSH), Cathepsin K (CTSK), Cathepsin S
(CTSS) and Cathepsin Z (CTSZ), and to a lesser extent Cathepsin B (CTSB) and
Cathepsin L (CTSL), have been shown to be up-regulated at various time points
during scrapie infection (Booth et al 2004; Xiang et al 2004; Riemer et al 2004;
Brown et al 2005; Skinner et al 2006; Xiang et al 2007; Sorensen et al., 2008).
The protease inhibitors Cystatin C (CTS3), Cystatin F (CTS7) and Serine Protease
inhibitor Clade A Member 3N (SERPINA3N) have also been shown to have
increased expression in scrapie-infected brains (Booth et al., 2004; Riemer et al.,
2004; Xiang et al., 2004; Xiang et al., 2007). CTS7 has also been shown to be upregulated in CJD-infected microglia in culture (Baker and Manuelidis, 2003).
Genes belonging to the cell cycle regulation and apoptosis pathways such as B-cell
leukaemia/ lymphoma 2 related protein A1a (BCL2A1A), clusterin (CLU) and S100
calcium binding protein A6 (S100A6) have also been found to be up-regulated in
experimental models of mouse scrapie (Booth et al., 2004; Xiang et al., 2004;
Riemer et al., 2004; Skinner et al., 2006; Xiang et al., 2007;, Sorensen et al., 2008).
Another functional group of genes which has been shown to be differentially
expressed in mouse models of scrapie is the cholesterol biosynthesis pathway. The
genes Apolipoprotein D (APOD), Apoliporotein E (APOE) and ATP-binding
cassette subfamily A1 (ABCA1) have all been shown to be up-regulated in the brains
of scrapie-infected mice (Booth et al, 2004; Riemer et al., 2004; Brown et al., 2005;
Skinner et al., 2006; Xiang et al., Sorensen et al., 2008).
A study of gene expression in ileal Peyer’s Patches of scrapie-infected lambs
revealed increased expression of the genes MAPRE3, LOC729073 and DNAJC3 in
the infected animals compared to controls (Austbo et al., 2008). These genes have
not previously been associated with scrapie.
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1.7 Project hypothesis and aims
Table 1.5 Time points of tissue collection for each sheep genotype
Genotype

Time points (d.p.i.)
10

25

50

75

100

125

VRQ/VRQ
VRQ/ARR

x

ARR/ARR

x

150

230

x

x

This study forms part of a larger project designed to investigate molecular aspects of
SSBP/1 scrapie pathogenesis in sheep, by measuring changes in gene expression in
tissues of the CNS and periphery throughout the course of infection and examining
how these relate to the clinical manifestations of infection as well as the animals’
genotype.
The hypothesis of this study was that there is differential gene expression in the
blood and/or peripheral lymphoid tissues of scrapie infected animals during the preclinical stage of infection, and that a panel of differentially expressed genes could be
identified and used as surrogate markers of infection, and potentially as a starting
point for the development of a PCR-based diagnostic test.
The aim of this project was to use a functional genomics approach, namely an
expressed sequence tag (EST) microarray comprising sequences from cattle brain
and macrophage as well as scrapie-infected spleen libraries, as well as scrapieinfected ovine libraries, to screen the expression of 20,000 genes in blood samples
from scrapie-infected and mock-infected sheep, identify candidate genes showing
differential expression associated with infection, and validate these findings using
real-time RT PCR.
The animals used in this study were New Zealand Cheviot sheep from the DEFRA
breeding flock infected with scrapie strain SSBP/1, a well characterized model of
infection (Houston et al., 2002). These sheep have the advantage that they are
scrapie-free; the DEFRA breeding flock is derived from New Zealand, a country
with no incidence of scrapie, and all animals have been bred and maintained at NPU
in a regularly tested scrapie-free environment.
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Animals of three different PRNP genotypes were inoculated with either SSBP/1infected brain homogenate or healthy brain homogenate (mock-infected controls),
through subcutaneous injection in the shoulder, anterior to the prescapular lymph
node. The sheep genotypes were VRQ/VRQ, VRQ/ARR and ARR/ARR, selected for
their association with variable susceptibility to scrapie infection (Houston et al.,
2002). VRQ/VRQ sheep were highly susceptible to SSBP/1 infection with an
incubation period of 193 ± 12 days; VRQ/ARR sheep had intermediate susceptibility
with an incubation time of 325 ± 36 days; and ARR/ARR sheep presented no clinical
signs of disease (Hunter et al., 2009).
The SSBP/1 scrapie source is derived from serial passage of a pool of natural sheep
scrapie isolates. Therefore, the inoculation of New Zealand Cheviots from the
DEFRA breeding flock with SSBP/1 is a robust model of scrapie infection of
previously naïve sheep. The sheep were inoculated by a peripheral route,
subcutaneous injection, as opposed to oral infection, which is a proposed natural
route; however, this was necessary for logistic reasons as this method allows for
greater consistency of incubation times. This means that sheep culled at the same
time post infection will be at a similar phase in the progression of disease and can be
treated as experimental replicates, adding power to the experiment.
The animals were sacrificed at various time-points post infection by staff of the
Greenfield Sheep Unit (Institute of Animal Health, Compton, UK). Particular
emphasis was placed on early, pre-clinical time-points, but samples were also
available from terminal disease (Table 1.5). Blood samples were collected post
mortem, along with samples from various tissues including spleen, lymph node,
tonsil and brain. Three SSBP/1-infected and two mock-infected animals of each
genotype were sacrificed at each time-point.
Infection was confirmed by immunohistochemical detection of PrPSc (Hunter et al.,
2009). PrPSc was detected using the antibodies BG4 (N-terminal epitope) and R145
(C-terminal epitope). The peripheral lymphoid tissues examined for the presence of
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PrPSc were the prescapular lymph node (PSLN), tonsil, and spleen; the areas of the
brain examined for the presence of PrPSc were the medulla, thalamus, cerebellum,
basal ganglia and frontal cortex.
PrPSc was detected in all VRQ/VRQ and VRQ/ARR animals, confirming successful
SSBP/1 infection. PrPSc was not detected in any of the ARR/ARR animals, which are
known to be resistant to scrapie, at any of the time-points tested. Three ARR/ARR
animals inoculated with SSBP/1 were not sacrificed until 1200 d.p.i., and did not
show any signs of disease in that time. Brain samples form these animals were also
negative for PrPSc accumulation at 1200 d.p.i. Moreover, PrPSc was not detected in
any of the mock-infected samples; therefore, we can be certain that these animals are
suitable controls (Hunter et al., 2009).
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2. 1 Materials
2.1.1 Ampicillin stock solution (50 mgml-1)
Ampicillin stock solution was prepared by dissolving 500 mg of ampicillin powder
into 10 ml de-ionised water, and sterilised by passing through a filter. The solution
was stored in small aliquots at –20°C, and diluted to the working concentration of
100 μgml-1 (1:500), before use.
2.1.2 Glucose stock solution (2M)
Glucose stock solution (2M) was made by dissolving 18 g glucose into 50 ml of deionised water and sterilised using a 0.22 µm filter.
2.1.3 Glycerol storage buffer
Glycerol storage buffer was made by mixing 65 ml glycerol, 22.5 ml de-ionised
water, 10 ml of 0.1 M MgSO4, and 25 ml of 1 mM Tris (pH 8.0).
2.1.4 Isopropyl-β-D-1-thiogalactopyranoside (IPTG) stock solution (0.1
M)
IPTG stock solution (0.1 M) was made by dissolving 1.2 g IPTG into 50 ml of deionised water and sterilised using a 0.22 µm filter.
2.1.5 Luria Bertani (LB) broth
LB broth was made by dissolving 10 g of Bacto-Tryptone, 5 g of Bacto-Yeast extract
and 5 g NaCl in 1 L de-ionised water using a magnetic stirrer. The pH was adjusted
to 7.0 using NaOH. The solution was sterilised by autoclaving.
2.1.6 LB agar
LB agar was made by dissolving 7.5 g of Bacto-Agar into 500 ml LB broth (Section
2.1.5) using a magnetic stirrer, and sterilised by autoclaving.
2.1.7 LB/ Ampicillin/IPTG/X-gal (5-bromo-4-chloro-3-indolyl-b-Dgalactopyranoside ) plates
LB/Ampicillin/IPTG/X-gal plates were made by making LB agar medium (Section
2.1.6), allowing the medium to cool to 50°C then adding ampicillin to a final
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concentration of 100 μgml-1 (Section 2.1.1, 1 ml of 50 mgml-1 stock in 500 ml of
medium) and supplementing with 0.5 mM IPTG (Section 2.1.4, 2.5 ml of 0.1 m
IPTG solution in 500 ml medium) and 80 μgml-1 X-Gal (Section 2.1.15, 800 μl in
500 ml medium) then pouring into Petri dishes and allowing to set.
2.1.8 LB/Ampicillin broth
LB/ampicillin broth was made by preparing LB broth (Section 2.1.5), allowing to
cool to 50° C after autoclaving and supplementing with ampicillin, to a final
concentration of 100 μgml-1 (Section 2.1.1, 2 ml of 50 mgml-1 stock in 1000 ml of
medium).
2.1.9 Mg2+ stock (2 M)
Mg2+ stock (2 M) was made by mixing 20.33 g MgCl2.6H2O and 24.65 g
MgSO4.7H2O and making the volume up to 100 ml using de-ionised water. The
solution was sterilised using a 0.22 µm filter.
2.1.10 Microarray washes (Low, Medium, and High Stringency)
The microarray low stringency wash was made by dissolving 2 ml SSC in 1 L deionised water (0.2% SSC). The medium stringency wash was made by dissolving 2
ml SSC and 5 ml SDS into 1 L de-ionised water (0.2% SSC, 0.5% SDS). The high
stringency microarray wash was made by dissolving 20 ml SSC and 5 ml SDS into 1
L de-ionised water (2% SSC, 0.5% SDS)
2.1.11 Phosphate buffered saline (PBS)
PBS was made by dissolving 8 g NaCl, 0.2 g KCl, 1.44 g Na2HPO4 and 0.24 g
KH2PO4 into 800 ml de-ionised water. The pH was adjusted to 7.4 with HCl and the
volume was made up to 1 L using de-ionised water. The solution was sterilised by
autoclaving.
2.1.12 PBS/ 1% BSA
PBS 1% BSA was made by mixing 10 ml BSA into 990 ml PBS.
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2.1.13 PBS/ 4 mM Ethylenediaminetetra-acetic acid (EDTA)
PBS/4 mM EDTA was made by dissolving 1.49 g Na2EDTA in 1 L PBS, and the
solution was sterilised by autoclaving.
2.1.14 SOC medium
SOC medium was made by dissolving 2 g Bacto-Tryptone, 0.5 g Bacto-yeast extract,
1 ml 2M NaCl and 0.25 ml KCl into 98 ml of de-ionised water using a magnetic
stirrer. The solution was sterilised by autoclaving, allowed to cool down to room
temperature, before adding 1 ml 2 M Mg2+ Stock (2.1.9) and 1 ml 2 M glucose
(2.1.2)
2.1.15 X-gal (5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside) stock
solution
X-gal stock solution was made by dissolving 100 mg X-gal in 2 ml N, N’dimethylformamide. The solution was covered with foil and stored at -20°C.
2.2 Tissue collection
2.2.1 Spleen collection and FDC preparation
Following exsanguination of the animals, spleens were removed and placed in large
Petri-dishes with sufficient ice-cold PBS containing 4 mM sodium EDTA (Section
2.1), to completely cover the tissue, and placed on ice. Fat was removed using
scissors, and the spleen capsule was separated from the pulp. The spleen was
dissected into 40 g pieces and disrupted by passing through a fine steel sieve using a
syringe plunger. The released cells and remaining tissue fragments were then filtered
through muslin and the cells collected into 50 ml tubes (Falcon). The isolated spleen
cells were enriched for splenic Follicular dendritic cells (FDC) using an Optiprep
gradient (Nycomed Amersham). Cells were resuspended in ice-cold PBS containing
4 mM EDTA at 2 × 107 per ml; 1 ml Optiprep was added to 2.5 ml of cells, which
was overlaid with 4 ml of 1.078 gml-1 Optiprep in PBS containing 4 mM EDTA.
This was overlaid with 10 ml of 1.068 gml-1 Optiprep and 1 ml PBS and centrifuged
at 600 × g for 25 min at 20 °C; Cells were collected from the interphase of 1.068
gml-1 Optiprep and PBS. Following enrichment the cells were washed and pelleted at
300 × g, before they were lysed using 1 ml of RNAwiz (Ambion) per 107 cells and
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passing through a 10 ml syringe with 21 g needle until the viscosity reduced.
Samples were transferred into 1.8 ml cryotubes (Nunc) and stored at -80ºC prior to
RNA extraction.
Cells from each of the three layers were characterised using flow cytometry, with
antibodies to FDC markers. It was found that the middle layer contained the highest
percentage of FDCs, and this was used in all spleen experiments described here.
(Experimental procedures were carried out by Dr. Lisa Murphy)
2.2.2 Buffy coat isolation
A 40 ml aliquot of whole blood was collected into 50 ml tubes (Nunc, 373660)
containing 476 μl of 0.5 M EDTA- Na2 (Sigma-Aldrich, E7889), final concentration
2 mgml-1, and mixed. A 10 ml aliquot of blood was transferred in each of eight 15 ml
clear tubes (Nunc, 366036). The tubes were centrifuged at 2200 × g for 15 min at
20°C. The buffy coat, approximately 0.5 ml, was removed using a sterile Pasteur
pipette and placed into 1.8 ml cryotubes (Nunc, 377267) containing 1.2 ml RNAlater
(Sigma-Aldrich, R0901). The cryotubes were vortexed and stored at 4°C for at least
1 hr then transferred to a -80°C freezer for storage. (Experimental procedures were
carried out by Dr. Lisa Murphy).
2.2.3 Lymph node collection
Both prescapular lymph nodes were removed post mortem and placed in RNAlater
(Ambion) prior to storage at -80°C. (Lymph node collection was carried out by staff
of the Greenfield Sheep Unit, Institute of Animal Health, Compton, UK).
2.3 RNA methods
2.3.1 RNA extraction from buffy coat
RNA was extracted from buffy coat fractions stored in RNAlater (Sigma-Aldrich,
R0901) using the RiboPure™ Blood kit (Ambion, 1928). The RNA extractions were
carried out in a category 2 laboratory following the necessary safety procedures. The
RNAlater-Buffy coat mixture was thawed on ice and centrifuged for 1 min at 16,060
× g (Biofuge Pico, Heraeus) to pellet the cells. The RNAlater, forming a pink or
colourless upper phase, was removed by aspiration. An 800 µl aliquot of lysis buffer
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and 100 µl 3M sodium acetate, pH 5.2 (Sigma-Aldrich S07899) were added to each
tube. The tubes were vortexed until the pellet was resuspended. A 500 µl aliquot of
acid phenol-chloroform 5:1 (Sigma-Aldrich, P1944) was added to each tube, and the
tubes were vortexed for 30 sec or until the pellet was resuspended, then left at room
temperature for 3 min. The tubes were then centrifuged for 1 min at 16,060 × g, to
pellet the haeme and proteins. The aqueous upper phase from each tube, containing
the buffy coat RNA, was transferred into new 2 ml RNase free tubes. A 600 µl
aliquot of 100% ethanol (BDH, VWR Intl., 437433T) was added to each sample and
vortexed briefly to mix. A 700 µl aliquot of the sample was pipetted on top of the
spin column filter and centrifuged at 16,060 × g for 5-10 sec. The flow through was
discarded and the procedure was repeated until the entire volume of the sample had
passed through the filter column. A 700 µl aliquot of wash solution 1 was pipetted
onto the filter and centrifuged for 5-10 sec at 16,060 × g. The flow through was
discarded. A 500 µl aliquot of wash solution 2/3 was pipetted onto the filter and
centrifuged for 5-10 sec at 16,060 × g. The flow through was discarded. The step was
repeated and the flow through discarded. The column was then centrifuged at 16,060
× g for 1 min to dry the filter and the flow through was discarded. The filter was
placed in fresh collection tube. A 50 µl aliquot of pre-heated elution solution (75°C)
was pipetted onto the centre of the filter and centrifuged at 16,060 × g for 30 sec.
The 50 µl eluate was reapplied onto the filter and the tube was centrifuged for 1 min
at 16,060 × g. The filter was discarded, and the tube containing the eluted RNA was
placed on ice before immediately proceeding with the DNase I treatment (section
2.3.3).
2.3.2 RNA extraction from spleen
RNA was extracted from FDC-enriched spleen preparations (section 2.2.1) using the
Ribopure kit (Ambion, 1924). The RNA extractions were carried out in a category 2
laboratory following the necessary safety procedures. The cryotubes containing
spleen samples were removed from -80°C storage and placed in a 37°C water bath
until the samples had thawed. A 200 µl aliquot of chloroform (Sigma-Aldrich,
C2432) was added to each sample and mixed vigorously by vortexing for 1 min. The
samples were left to settle at room temperature for 5 min, then mixed again briefly,
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and centrifuged at 16,060 × g for 5 min, or until good separation was achieved. The
aqueous phase was transferred to new 1.5 ml tubes and 0.5 v/v of 100% ethanol was
added and mixed thoroughly. The sample was then passed through a filter column
and eluted following the same procedure as for the buffy coat (Section 2.3.1), and the
eluted RNA was DNase I treated (Section 2.3.3).
2.3.3 RNA extraction from lymph node
The RNA extractions were carried out in a category 2 laboratory following the
necessary safety procedures. Prescapular lymph node samples were removed from 80°C storage and stored on dry ice. Each lymph node was dissected into 100 mg
pieces, then placed in pre-cooled 5 ml Teflon containers with a 10 mm diameter
stainless steel ball. The samples were flash frozen in liquid nitrogen for 1 min and
homogenised for 60 sec at 2000 rpm using a Micro-Dismembrator (B Braun
Biotech). A 1 ml aliquot of TRI reagent (Ambion) was added to each sample, and the
samples were homogenised in the dismembrator for an additional 15 sec at 1500
rpm. The homogenates were transferred to 1.5 ml tubes and left to equilibrate at
room temperature for 5 min. RNA was extracted from prescapular lymph node
homogenates using the Ribopure kit (Ambion) as described for spleen (Section
2.3.2).
2.3.4 DNase I treatment of RNA
The DNase I kit (Ambion) was used for DNase I treatment of the eluted RNA, to
remove contaminating DNA that would interfere with downstream PCR applications.
A 1/20th volume of 20x DNase Buffer and 1µl DNase I (2 u) were added to each tube
containing eluted RNA. The tubes were incubated for 30 min at 37°C. A 1/5th
volume of inactivation reagent was then added to each tube and the tubes were
vortexed to mix. The tubes were stored at room temperature for 2 min, and flicked
once or twice during this period to resuspend the inactivation reagent. The tubes
were then centrifuged at 16,060 × g for 1 min to pellet the inactivation reagent. The
supernatant from each tube was then transferred into a new, labelled RNase-free 1.8
ml tube (Axygen) and stored at -80 °C. A 1 µl aliquot from each sample was taken
for quality analysis using RNA 6000 Nano LabChip on the Agilent 2100 bioanalyzer
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(Agilent Technologies) (section 2.3.5), and another 1µl aliquot was taken from each
sample for quantification (section 2.3.4).
2.3.5 Quantification and assessment of RNA and DNA purity by UV
absorbance
2.3.5.1 Quantification using the Cecil ce2041 spectrophotometer
The concentration of RNA or DNA was estimated by measuring the sample’s optical
density (OD) at the 260 nm wavelength (A260) using a Cecil ce2041
spectrophotometer (Cecil Instruments Ltd). Each sample was diluted 1/100 in 10 mM
Tris buffer (pH 7.5) (Sigma-Aldrich T1503).
The concentration of RNA in µgml-1 was calculated using the formula:
40 x dilution factor x A260 = µgml-1 RNA as 1 A260 =40µgml-1 RNA
The concentration of DNA in µgml-1 was calculated using the formula:
50 x dilution factor x A260 = µgml-1 DNA as 1 A260 =50µgml-1 DNA
The absorbance at the 280 nm wavelength (A280) ascertains the presence of
contaminating protein. Thus the ratio of A260 to A280 gives an indication of the
relative abundance of nucleic acid (A260) compared to protein (A280) and this serves
as a measure of purity. An A260/A280 ratio in the range of 1.8-2.1 indicates an RNA
preparation of increased purity, whereas for DNA the acceptable ratio is in the range
of 1.6-1.8.
2.3.5.2 Quantification using the NanoDrop ND-1000 spectrophotometer
RNA

Quantification

was

performed

using

the

NanoDrop

ND-1000

spectrophotometer (NanoDrop Technologies, Inc.). A 1 µl aliquot of de-ionised
water (Millipore) was selected as the zero absorbance reference. The RNA
Quantification protocol was selected. A 1 µl aliquot of sample was pipetted onto the
measurement pedestal and the absorbance measured over a continuous spectrum
producing a graph. The A260/A280 and A260/A230 ratios were calculated. An A260/A280
ratio in the range of 1.8-2.1 indicates an RNA preparation of increased purity. A low
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A230 ratio indicates organic contamination. For DNA Quantification, the same
method was followed and the DNA quantification protocol was selected.
2.3.6 Assessment of RNA quality and integrity by Agilent® bioanalyser
The quality and integrity of the samples were further analysed using the Agilent®
bioanalyser with the RNA 6000 Nano LabChip kit (Agilent Technologies, 50654475). In addition to concentration, ribosomal ratio and assessment of possible DNA
contamination, the Agilent software provides an RNA Integrity Number (RIN) for
Eukaryote total RNA samples, based on the electrophoretic trace of the sample,
taking into account the presence or absence of degradation products. The RIN
number ranges from 1 (lowest integrity) to 10 (highest integrity). The RIN number
serves as an independent, universal integrity estimate facilitating quality assessment
and comparison between different RNA samples (Schroeder et al., 2006).
The chip was prepared as follows: all reagents were allowed to equilibrate at room
temperature for 30 min. A 550 µl aliquot of RNA 6000 Nano gel matrix was filtered
through the spin column provided by centrifuging at 1,500 × g for 10 min
(Eppendorf 4515 D centrifuge). The filtered gel was stored as 65 µl aliquots. Gel-dye
mix was prepared by mixing 65 µl of filtered RNA 6000 Nano gel matrix with 1 µl
dye and centrifuged at 10,000 × g for 10 min (Eppendorf 4515 D centrifuge). The
RNA chip was taken out of the sealed bag and placed on the Chip priming station
(Agilent Technologies, 5065-4401). A 9 µl aliquot of Gel-Dye mix was pipetted into
the well marked (G). The chip was pressurised by closing the chip priming station,
pressing the plunger until it was held by the clip, waiting for 30 sec and releasing the
clip. A 9 µl aliquot of gel-dye mix was pipetted in the two wells marked G. A 5 µl
aliquot of RNA 6000 Nano Marker was added in the well marked # and in all 12
sample wells. The RNA samples and the RNA 6000 Nano ladder aliquot (Ambion,
7152) were heated to 70°C in a water bath for 2 min to denature any secondary
structure. A 1 µl aliquot of ladder was added to the well marked # then 1 µl RNA
was added to each of the sample wells. A 1 µl aliquot of mix was added to any
unused sample wells not containing any RNA. The chip was vortexed at 2,300 rpm
for 1 min on an IKA chip vortex (IKA, M52-S8) then inserted into the Agilent
machine. The appropriate RNA Nano assay was selected on the Agilent 2100 Expert
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software (either total RNA Nano for extracted RNA or the mRNA Nano for aRNA)
and the assay was performed. The chip was then discarded and the electrodes cleaned
using the two dedicated decontaminating chips filled with RNase-Zap (Ambion,
9780) and nuclease-free water (Qiagen 129114) respectively.
2.3.7 Ethanol precipitation of RNA
A 3× volume aliquot of absolute ethanol and 1/10 × volume of 3M sodium acetate
(pH 5.2) were added to the RNA sample and stored at -20°C for at least two hours to
allow the RNA to precipitate. The mixture was then centrifuged at 16,060 × g for 15
min to allow the RNA to form a pellet. The supernatant was discarded and the pellet
was washed with 200 µl 100% ethanol and vortexed to resuspend. The tube was
centrifuged at 16,060 × g for 15 min and the supernatant discarded. The pellet was
then washed with 200 µl 70% ethanol and vortexed to resuspend. The tube was
centrifuged at 16,060 × g for 15 min, the supernatant discarded, and the pellet left to
air-dry in a hot room at 37°C.
2.4 Reverse transcription
2.4.1 Reverse transcription using M-MLV
A 1 μl (0.5μg) aliquot of Oligo(dT)15 primer (Promega, C110A) was added to 1 µg
total RNA in a 0.2 ml PCR tube . The volume was made up to 14 μl with nucleasefree water for each sample. The tubes were heated to 70°C for 5 min in a Px2 thermal
cycler (ThermoElectron,) to denature any secondary structure of the RNA, and then
cooled on ice for 5 min. A master mix containing 5 µl M-MLV RT 5× Reaction
Buffer (Promega, M531A), 1.25 µl dNTP mix (10 mM each of dATP, dCTP, dGTP
and dTTP, Promega), 1 µl (100 U) M-MLV Reverse Transcriptase enzyme
(Promega, M368B), and nuclease-free water to a final volume of 25 µl was added to
each tube. The tubes were incubated at 40°C for 10 min, followed by 42°C for 50
min for first strand cDNA synthesis. The reaction was inactivated by heating at 70°C
for 15 min in the PCR cycler.
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2.4.1.1 cDNA reverse transcription of VRQ/VRQ buffy coat RNA using
M-MLV
Two 1 µg aliquots were taken from each sample and reverse transcribed concurrently
(section 2.4.1). The duplicates were combined in a single PCR tube. A 3 µl aliquot
from each sample was pooled in a single 0.6 ml tube (Axygen MCT-060-L) giving a
total volume of 45 µl. A dilution series was produced with the pooled cDNA diluted
1/2, 1/4, 1/8, 1/16 and 1/32 in nuclease-free water. The remaining 46 µl of cDNA per
sample were stored at -20°C.
2.4.2 cDNA reverse transcription using Superscript II
A 1 μl (0.5μg) aliquot of Oligo(dT)12-18 primer and 1µl of dNTP mix (10mM each)
(Invitrogen, 11717-637) were added to 500 ng total RNA in a total volume made up
to 12 μl with nuclease-free water. The tubes were heated to 65°C for 5 min in the
Px2 thermal cycler to denature any secondary structure of the RNA, then cooled on
ice for 5 min. A master mix containing 4 µl M-MLV 5X First Strand Buffer
(Invitrogen, Y00146), 2 µl 0.1 M DTT (Invitrogen, Y00147), 1 µl RNaseOut
(Invitrogen 10777-019, 40 U/µl)

was added to each tube, mixed gently and

incubated at 42°C for 2 min. A 1 µl (200 U) aliquot of Superscript II RT enzyme
(Invitrogen 18064-022) was added and the tubes were incubated at 42°C for 50 min
for first strand cDNA synthesis. The reaction was inactivated by heating at 70°C for
15 min in the PCR cycler.
2.4.3 cDNA reverse transcription using Superscript II in CAS-1200
The Superscript protocol (2.4.2) was programmed into the CAS-1200 Automated
precision liquid handling system (Corbett Life Sciences). The RNA sample
concentrations were normalised to 100 ngµl-1. Three 500 ng (5 µl) aliquots of each
sample were reversed transcribed into cDNA. A non-RT control reaction where
nuclease-free water was substituted for the Superscript II enzyme was also included
for each sample, in order to assess possible genomic DNA contamination which
would interfere with downstream real-time PCR experiments. The cDNA products
including the non-RT control were diluted 1/40 in nuclease-free water and used as a
template for real-time PCR using the GAPDH primers in order to confirm that the
RT reaction was successful, as well as the absence of genomic DNA contamination.
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2.5 Polymerase chain reaction (PCR)
2.5.1 Primer design
As the primers were intended for eventual use in real-time PCR, they were designed
under very stringent specificity parameters.
The real time PCR primers were designed using the Primer3 software (Rozen et al.,
2000) using the following parameters:
1.

primer length: 18-25 bp

2.

product size ranges: 80-180 bp when possible, and not more than 350 bp
when not.

3.

Max Tm difference: 2°C.

4.

Primer GC%: minimum 40%, optimal 50%, maximum 60%, as increased GC
content can impede denaturation.

5.

Maximum Self Complementarity: 3 ideally, lowered if no primers found.

6.

Maximum 3’ Self Complementarity: 2 ideally, lowered if no primers found

7.

Maximum Poly-X (i.e. repeats of any nucleotide in the primer sequence): 3,
especially for Gs or Ts.

When possible, primers were designed to bind separate exons. As real-time PCR
primers are designed to bind mRNA, which does not contain introns, DNA
contamination in the PCR reaction would result in a longer product of the same
primers and thus be readily detectable. Also, the 3’ terminal position was a G or C
when possible and 3’ Ts were avoided. It was attempted to include no more than 2 G
or Cs in the last 5 bases so as not to have a high GC content that would prevent the
end of the primer from denaturing properly or forming non-specific interactions.
The NetPrimer software (http://www.premierbiosoft.com/netprimer/netprlaunch/
netprlaunch.html) was used to check the primers for secondary structure and
dimerisation. The aim was to achieve a high primer rating of 100 or nearest, as well
as similar ΔG, 3’ end stability, ΔH, ΔS and 5’ end ΔG between the primers. Primers
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forming hairpin loops, dimers, cross-dimers, palindromes and repeats were avoided
as much as possible.
Finally, after selecting suitable primers, the primer sequences were checked with the
BLAST program (http://www.ncbi.nlm.nih.gov/BLAST/), using the “Search for
short, nearly exact matches” program option, to ensure that they were specific for the
gene they were designed for.
Primers were supplied from MWG-Biotech and Invitrogen.
2.5.2 PCR reaction mix
The PCR reaction master mix (All reagents Promega from GoTaq kit, M7650) was
composed of 3 µl MgCl2 (25 mM, final conc. 1.5 mM), 10 µl 5 × GoTaq Green
Buffer, 1 µl dNTP mix (10mM each, final conc. 200 µM each), 1 µl forward primer
(varying concentrations, final conc. 0.1-1

µM), 1 µl reverse primer (varying

concentrations, final conc. 0.1-1 µM), 0.25 µl GoTaq DNA polymerase (5 U/ µl), 1
µl template DNA, and nuclease-free water to a final volume of 50 µl.
2.5.3 PCR cycling
A typical PCR cycling was the following:
An initial denaturation step of 2 min at 95°C was performed to denature any
secondary structure of the template. The cycling comprised a 30 sec denaturation
step at 95°C, followed by an annealing step of 30 sec at the primers’ annealing
temperature (usually 60°C), and finally a 1 min extension step at 72°C. This was
usually repeated for 30 cycles.
A final extension of 5 minutes at 72°C was performed at the end of the 30 cycles,
followed by “soaking” at 15°C.
The annealing temperature and number of cycles were adjusted depending on the
primers used.
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2.5.4 Agarose gel electrophoresis
The PCR products were visualised on agarose gels of varying concentrations (1%2%). The agarose gels were made by dissolving varying amounts of agarose powder
(1g-2g) (Sigma-Aldrich, A9539) into 100 ml 1% Bionic buffer (Sigma-Aldrich,
B6185) and adding 1.5 µl of ethidium bromide (10 mgml-1) (Sigma-Aldrich, E1510).
The PCR products were size fractionated on the agarose gel and the bands were
visualised and photographed under UV light.
2.5.5 PCR product column purification
The QIAquick PCR Purification Kit (Qiagen, 28004) was used for PCR product
column purification, as per manufacturer’s instructions. Briefly, the PCR product (in
solution) was mixed with 5x vol. PB Buffer (high salt) and applied onto the silica
membrane of the spin column. The columns were then centrifuged at 16,060 × g
(Biofuge Pico, Heraeus) for 30 sec. The flow-through was discarded and the columns
were washed with 750 µl buffer PE and recentrifuged for 30 sec. The flow-through,
containing impurities such as primers, nucleotides, enzymes and salts was discarded
and the columns were centrifuged for an additional minute to dry. Following this, the
columns were transferred into new elution tubes and 50 µl low salt Elution buffer
(10mM Tris-HCl, pH 8.5) was applied onto each silica membrane, followed by
centrifugation at 16,060 × g for 1 min to elute the PCR product. The eluted PCR
product was quantified by spectrophotometry as described in section 2.5.6.
2.6 Molecular cloning
2.6.1 Ligation
The purified PCR fragments were ligated into pGEM®-T Easy plasmid, using the
pGEM®-T Easy Kit (Promega, A1360). The ligation mixture was set up in
maximum recovery 0.6 ml tubes (Axygen, MCT-060) comprising 5 µl 2x Ligation
Buffer, 1 µl pGEM®-T Easy Vector (50 ng), 0.1-3 µl PCR product (at varying
insert:vector molar ratios from 1:1 to 3:1), 1 µl T4 DNA Ligase (3 Weiss unitsμl-1),
and deionised water to a final volume of 10 µl. A positive control reaction was set
up, containing 2 µl of control insert DNA (Promega A1360). A background control
reaction, containing no inserts, was also included. The reactions were mixed by
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pipetting and incubated overnight at 4°C in order to produce the maximum number
of transformants. Aliquots of the ligation mixture were then used to transform
competent cells by heat shock (section 2.6.2).
2.6.2 Transformation of competent cells with plasmid DNA
The tubes containing the ligation reactions were vortexed and centrifuged to collect
the reaction at the bottom of the tube. A 2 μl aliquot of each ligation reaction was
transferred to a sterile 15 ml polypropylene Falcon tube (Becton Dickinson labware,
352059) on ice.
Frozen E.Coli JM109 High Efficiency Competent Cells (Promega, L1001) were
removed from –80°C storage and placed in an ice-bath until just thawed (about 5
minutes). The cells were mixed by gently flicking the tube. A 20 μl aliquot of
competent cells was transferred into each Falcon tube, flicked gently to mix and
placed on ice for 20 min. The cells were heat-shocked for 45 sec in a water bath at
exactly 42°C then returned to ice for 5 min. A 980 μl aliquot of room temperature
SOC medium (Section 2.1.12) was added to the tubes containing cells transformed
with ligation reactions. The tubes were then incubated for 1.5 hours at 37°C with
shaking (~150 rpm). A 200 μl aliquot of each transformation culture was plated onto
an LB/ampicillin/IPTG/X-Gal agar plate (Section 2.1.5). The plates were inverted
and incubated overnight at 37°C to allow colony formation.
2.7 Plasmid DNA extraction
Plasmid DNA was isolated using the QIAprep Spin Miniprep Kit (Qiagen, 27104).
For each plasmid, a single colony was picked from a freshly streaked selective plate
and used to inoculate 5 ml LB /Ampicillin medium (section 2.1) in a 25 ml universal
tube, incubated overnight at 37°C with shaking (250 rpm). The following day, the
tubes were centrifuged for 5 min at 2500 × g to pellet the cells and the supernatant
was discarded. The cell pellets were resuspended in 250 μl buffer P1 with added
RNase A and transferred to a 1.7 ml tube (Axygen, MCT-175). A 250 μl aliquot of
buffer P2 (lysis buffer, containing NaOH/SDS) and 350 μl buffer N3 (neutralising
buffer, containing guanidine hydrochloride and acetic acid, adjusting the lysate to
high salt binding conditions) were added to each tube and the tubes were inverted to
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mix. The tubes were then centrifuged at 16,060 × g for 10 min, in order to optimally
precipitate cellular debris, denatured protein, cell wall-bound chromosomal DNA and
SDS. The supernatants, containing the renatured plasmid DNA, were transferred onto
QIAprep spin columns, where the high-salt conditions of the supernatant allowed the
plasmid DNA to bind on the silica gel of the column. The columns were centrifuged
for 30 sec at 16,060 × g, and the flow-through was discarded. The column was
washed with 500 μl buffer PB (containing guanidine hydrochloride and isopropanol,
used to remove residual endonucleases present in the JM cell strain) and centrifuged
for 30 sec at 16,060 × g. The flow-through was discarded and 750 μl buffer PE were
applied to each column in order to remove salts. The columns were recentrifuged for
30 sec at 16,060 × g. The flow-through was discarded and the columns were recentrifuged for an additional minute in order to remove residual buffer. The columns
were transferred into new elution tubes. A 50 μl aliquot of low-salt Buffer EB
(10mM Tris-Cl, pH 8.5) were applied to the centre of each column and left to stand
for 1 min. The columns were then centrifuged for 1 min at 16,060 × g in order to
elute bound plasmid DNA. The eluted DNA was diluted 1/2 in 10 mM Tris buffer
(pH 8) and quantitated by UV absorbance as described in Section 2.4.6.
2.8 Plasmid restriction digestion
Restriction enzyme digestions were set up in 0.5 ml tubes, comprising 2 μl 10 x
restriction enzyme buffer, 0.1 μl 100 x BSA (if required), 0.2-2 μg DNA, 0.5 μl
restriction enzyme (2-10 U) (all reagents New England Biolabs), and nuclease-free
water to a final volume of 20 μl. The reactions were mixed by gentle pipetting, and
pulse-spinned to collect the contents at the bottom of the tube. The tubes containing
the restriction digestion reactions were then incubated at the restriction enzyme
optimum temperature for 1-4 hours in a water bath. An aliquot of the restriction
digest was size-fractionated on a 1% agarose gel (section 2.5.4) and visualised under
UV on a transilluminator.
2.9 DNA sequencing
pGEM T-Easy plasmids incorporate a T7 and an SP6 primer binding sequence in
order to facilitate forward and reverse sequencing. The BigDye® Terminator v3.1
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Cycle Sequencing Kit (Applied Biosystems, 403051) was used for sequencing of
pGEM T-Easy plasmid. The sequencing reactions were assembled in PCR tubes
comprising: 0.5 µl Ready Reaction Premix, 1.75 µl BigDye sequencing buffer (5x),
3.2 µl sequencing primer (3.2 pmol), 1-2 µl plasmid template (200-500 ng), and
nuclease-free water to a final volume of 10 µl. The sequencing reactions were
incubated in the P x 2 thermal cycler with the following cycling: 96°C for 10 sec,
50°C for 5 sec, and 60°C for 2 min, for 30 cycles. The reactions were then taken out
of the PCR cycler and transferred to 0.5 ml tubes. To each tube, 15 µl of nucleasefree water were added to make the volume up to 25 µl. In order to clean up and
precipitate the amplified template, 50 µl ethanol and 2 µl 3M sodium acetate (pH
5.2) were added to each reaction and incubated at RT for 45 min. The tubes were
then centrifuged at 16,060 × g for 30 min and the supernatant was removed. The
pellets were washed with 300 µl ice-cold 70% ethanol, vortexed to resuspend and
centrifuged at 16,060 × g for 10 min. The supernatant was removed from each tube
and the pellet was left to dry. The pelleted templates were sent to the sequencing
facility of Oxford University Zoology department for unidirectional sequencing.
2.10 Quantitative real-time reverse transcription-polymerase chain
reaction (real-time PCR)
The Rotor-Gene™ 3000 (Corbett Life Science) and SYBR Green I (Biogene)
detection was used for all real-time PCR. The data was analyzed using the RotorGene 3000 Software version 6.1.81 (Corbett Life Science). All real-time PCR
reactions were prepared using a CAS-1200™ Precision Liquid Handling System
(Corbett Robotics).
2.10.1 PCR cycling
The cycling used for the real-time PCR experiments was the following:
An initial hold step was performed at 94°C for 5 min, in order to activate the Taq
polymerase and denature any secondary structure of the template, followed by 40
cycles of 94°C for 20 sec (denaturation), 62°C for 20 sec (annealing), 72°C for 20
sec (extension). Fluorescence was acquired at the end of each cycle after the
extension step to the FAM/SYBR Green channel setting. This was followed by a
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second hold step at 94°C for 20 sec to denature all annealing pairs. A final melt
curve analysis program was performed, starting at 65°C and progressing to 94°C in
0.3 °C increments. The first step was held for 20 sec, and each following step was
held for 1 sec until the final temperature of 94°C was reached.
2.10.2 Method of quantification
Relative ΔΔCT quantification was performed, calibrating sample numbers to those of
reference genes.
When absolute quantification was required, plasmid standards were used. A 500 ng
aliquot of a PGEM T-easy plasmid containing the appropriate gene insert was
linearised by restriction digestion (Section 2.8). The linearised plasmid was column
purified (Section 2.5.5) and its concentration quantified by spectrophotometry
(Section 2.3.5). A dilution series of the plasmid was prepared. The plasmid
concentration was used to estimate copy numbers based on the formula:
Number of molecules (n)/ ng= {[molecular weight (A)]x (1x10-9 g) x [6.023 x1023
molecules/mol ]}
2.10.3 Real time PCR assay optimisation
To improve sensitivity, specificity and reproducibility of the real time PCR assay, all
experimental parameters were optimised.
2.10.3.1 Primer optimisation
The concentration of forward and reverse primer was optimised in order to minimise
artefacts such as primer dimers, and improve the range of detection. Various forward
and reverse primer concentrations were evaluated and the combination giving rise to
the lowest Ct values without formation of primer dimers detected in the melt curve
analysis was selected. If more than one combination gave rise to the same Ct value,
the lowest primer concentration was selected.
2.10.3.1.1 Primer optimisation for blood real-time PCR
A standard curve was set up for each gene using serial dilutions of linearized plasmid
containing an insert of the PCR product for the gene. The combinations of forward
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and reverse primer concentrations assessed in the primer optimisation assay are
detailed in Table 2.1.
Table 2.1. Primer concentration combinations used in primer optimisation assay for the
blood samples.

Mix

Forward primer (nM)

Reverse primer (nM)

1

100

100

2

100

300

3

100

600

4

100

900

5

300

100

6

300

300

7

300

600

8

300

900

9

600

100

10

600

300

11

600

600

12

600

900

13

900

100

14

900

300

15

900

600

16

900

900

The master mix contained in a final volume of 20 µl: 6 µl each primer (final
concentration ranging from 100 nM to 900 nM), 1.95 µl dH20, 2 µl 10 × PCR buffer
(Roche), 0.8 µl MgCl2 (25 mM, Roche), 1 µl dNTPs (10 mM each, Roche), 0.7 µl
SYBR Green (diluted 1/1000, BioGene), 0.15 µl Faststart Taq (Roche), and 2 µl
template DNA made up to 20 µl with nuclease-free water. Each combination of
primers was assessed in duplicate. Two non-template controls (NTCs) were included,
one at the lowest and one at the highest concentration of primer, to assess external
contamination and primer-dimer formation. The plasmid standard curve was used for
Quantification.
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2.10.3.1.2 Primer optimisation for spleen real-time PCR
Primer optimisation reactions were set up in the CAS-1200 robot (Corbett Robotics).
Each reaction contained, in a final volume of 10 μl, 5 μl 2 × FastStart SYBR green
master mix (Roche), 1 μl each primer at varying concentrations (final concentration
ranging from 100 nM to 500 nM), and 2 μl sample made up to 10 μl using 1 μl of
ddH2O. The sample used as real-time PCR template for the primer optimisation
assays was pooled cDNA from mock-infected sheep spleens. The combinations of
primer concentrations used are detailed in Table 2.2.
Each primer concentration combination was assessed in duplicate. A standard curve
was also included, made from five serial dilutions of linearized plasmid containing
an insert of the PCR product for the gene, each assessed in duplicate using the
highest primer concentration (500 nM). Four non-template controls (NTCs) were
also included, two at the lowest and two at the highest primer concentration (100 nm
and 500 nm respectively), to assess external contamination and primer-dimer
formation.
As the lower concentrations of primer appeared to give better results, the assay was
repeated for final primer concentrations in the range of 50-250 nM, as described in
table 2.3.
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Table 2.2 Primer concentration combinations used in primer optimisation assay for the
spleen samples.

Mix

Forward primer (nM)

Reverse primer (nM)

1

100

100

2

100

200

3

100

300

4

100

400

5

100

500

6

200

100

7

200

200

8

200

300

9

200

400

10

200

500

11

300

100

12

300

200

13

300

300

14

300

400

15

300

500

16

400

100

17

400

200

18

400

300

19

400

400

20

400

500

21

500

100

22

500

200

23

500

300

24

500

400

25

500

500
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Table 2.3 Primer concentration combinations used in primer optimisation assay for the
spleen samples.

Mix

Forward primer (nM)

Reverse primer (nM)

1

50

50

2

50

100

3

50

150

4

50

200

5

50

250

6

100

50

7

100

100

8

100

150

9

100

200

10

100

250

11

150

50

12

150

100

13

150

150

14

150

200

15

150

250

16

200

50

17

200

100

18

200

150

19

200

200

20

200

250

21

250

50

22

250

100

23

250

150

24

250

200

25

250

250

73

CHAPTER 2

MATERIALS AND METHODS

2.10.3.2 Mg2+ optimisation
Magnesium is essential for Taq activity, however, non-optimal concentrations lead to
artefacts and poor assay sensitivity and reproducibility. Increasing Mg2+
concentration leads to increased product yield but lower enzyme fidelity, giving rise
to higher levels of non-specific amplification. Decreasing Mg2+ concentration
increases specificity but decreases yield.
Three concentrations of Mg2+ (2.5 mM, 3.0 mM, and 3.5 mM) were assessed using
different cDNA dilutions (diluted 1/4, 1/8 and 1/16 in nuclease-free water) as a
template. The optimal Mg+ concentration was the lowest concentration of Mg2+
producing the lowest Ct with specific product as evident from the melt curve, and a
linear amplification plot.
2.10.3.3 cDNA optimisation
2.10.3.3.1 cDNA optimisation buffy coat
A pool comprising 3 µl undiluted cDNA from each of the 15 samples was diluted
1/4, 1/8 and 1/16 in nuclease-free water and used as a template for real-time PCR
with each of the candidate genes under optimised primer and Mg2+ concentrations.
The lowest cDNA concentration giving rise to the earliest Ct value and specific
product, as evident from the melt curve, was selected.
2.10.3.3.2 cDNA optimisation spleen
A pool comprising 2 µl undiluted cDNA from each of the 30 samples was diluted
1/10, 1/20, 1/30, 1/40 and 1/50 in nuclease-free water and used as a template for realtime PCR with each of the candidate genes under optimised primer and Mg2+
concentrations. The lowest cDNA concentration giving rise to the lowest Ct value
and specific product, as evident from the melt curve, was selected.
2.10.3.4 Initial screen to confirm candidate gene expression
2.10.3.4.1 Initial screen to confirm candidate gene expression buffy coat
An initial screen of each candidate gene across all three time points was performed in
order to select candidates for more detailed quantification. The optimised conditions
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were used. Each sample was assayed once and a non-template control (NTC) was
included for each set of primers.
2.10.4 Selection of reference genes
For the purposes of real-time PCR, it is recommended to normalise the expression
level of the gene of interest to those of stably expressed reference genes. This serves
as a way to compensate for experimental variation such as varying amounts of RNA
in the reverse transcription reaction, varying amounts of cDNA template in the real
time PCR reaction, and possible pipetting errors.
2.10.4.1 Construction of standard curves
Plasmid standard curves were constructed for absolute quantification of the reference
genes. Linearized plasmids (section 2.8) containing the SDHA, GAPDH and
YWHAZ insert respectively were diluted to 0.25 mg/µl in 10mM Tris and
subsequently were 7-fold serially diluted 6 times (0.3 x 10-1, 0.5 x10-2, 0.7 x 10-3, 0.1
x 10-4, 1.5 x 10-5, 2.1 x 10-6, 3.1 x 10-7). This dilution factor was chosen for ease of
interpretation as it gives rise to Ct intervals of approximately 3 cycles. The dilution
series was stored at 4°C.To assess the suitability of the dilution series as template for
a standard curve, each point from 0.5 x 10-2 to 2.1 x 10-6 was assayed in triplicate.
2.10.4.2 Reference gene stability assay
In order to choose a suitable combination of reference genes, the stability of each
reference gene was assessed across time points and disease status.
Each of the cDNA samples was assayed in triplicate. The plasmid dilution series (0.7
x 10-3 to 3.1 x 10-7) was used a standard curve, with each point assayed in triplicate.
A non-RT control was included to assess potential genomic DNA (gDNA)
contamination in the experimental reagents. The Ct values of the samples were
transformed onto a linear scale using the known concentration of the plasmid
standards making up the standard curves. The NormFinder application was used to
ascertain reference gene stability, based on the linear expression values for each
gene. The NormFinder algorithm provides a measure of the stability of different
genes as well as an estimate of the variation between case and control groups
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(Andersen et al., 2004). The stability values provided by NormFinder have a range
from 0.001 (most stable) to 1 (unstable).
The geNorm VBA applet for Microsoft Excel was also used (Vandesompele et al.,
2002). The rationale of this method is that the two ideal reference genes will have a
stable expression ratio in different samples. The internal stability measure (M),
representing the average variation of a particular gene, is determined as the standard
deviation of the log-transformed ratios of gene expression of that gene and each of
the other genes in the assay (a low M indicates high stability). The systematic
variation (V) for the assay is calculated based on experimental replicates for the same
gene. A normalisation factor is calculated for each sample based on the geometric
mean of the expression of the selected reference genes.
2.10.5 Real-time PCR experimental design
2.10.5.1 Real-time PCR experimental design buffy coat
Each time point was assayed separately for each gene of interest. Each run comprised
4 replicates of the gene of interest per sample, 3 replicates of each of the SDHA and
GAPDH controls per sample, as well as 2 NTCs per gene and a dilution series of the
pooled cDNA in duplicate (1/4, 1/8, 1/16 and 1/32 for the GOI, and 1/4 and 1/8 for
the reference genes).
The total reaction volume was 20 µl, incorporating 4 µl of each primer (final
concentration ranging from 100 nm to 900 nm), 2 µl 10x PCR buffer (Roche), 0.81.6 µl MgCl2 (25 mM, Roche), 1 µl dNTPs (10 mM each, Roche), 0.7 µl SYBR
Green (diluted 1/1000, BioGene), 0.15 µl hotstart Taq (Roche), 2 µl template DNA,
and nuclease-free water to 20 µl.
2.10.5.2 Real time PCR experimental design spleen
All reactions were set up using the CAS-1200 robot (Corbett robotics). Each time
point was assayed separately for each gene of interest. Each run comprised three
replicates of the gene of interest per sample, three replicates of each of the SDHA
and YWHAZ controls per sample, as well as 2 NTCs per gene and a dilution series
of the pooled cDNA in duplicate for each gene (1/10, 1/20, 1/40).
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The total reaction volume was 15 µl, incorporating 1.5 µl of each primer (final
concentration ranging from 100 nM to 500 nM), 7.5 µl 2 × FastStart SYBR real-time
PCR buffer (Roche), 2 µl template cDNA diluted 1/40, and 4 µl nuclease-free water.
2.10.6 Statistical analysis of results
The qBase excel applet v1.3.1 was used for data management and normalisation
(Hellemans et al., 2007). Ct values were obtained using the quantification option in
the Rotorgene software, and the results were saved as Excel spreadsheets and
imported into qBase. Ct values were then normalised to the levels of the two
reference genes GAPDH and SDHA. All comparisons were standardised by setting
the level of one of the two control samples to 1. For ease of interpretation, the same
control sample was used as calibrator in all runs for the same time point. Relative
expression results were then exported into an Excel spreadsheet and a two-tailed,
unpaired t test assuming equal variances was used to compare mean expression in
SSBP/1 infected samples to mock infected controls
2.11 Microarray methods
Gene expression of SSBP/1 infected and mock-infected animals was compared using
microarrays. The microarray methods are represented schematically in Figure 2.1.
Briefly, buffy coat samples were collected as described in Section 2.2.2, RNA was
extracted as described in Section 2.3.1 and quality controlled as described in Section
2.3.5. The RNA was amplified as described in Section 2.11.2 in order to increase the
quantity of mRNA. The RNA amplification method is presented in Figure 2.2. The
amplified anti-sense RNA (aRNA) was labelled with Cy dyes as described in Section
2.11.3, followed by purification and quality control as described in Sections 2.11.4
and 2.11.5. The labelled aRNA samples were hybridised onto prepared microarray
slides and incubated in a GeneMachines HybStation (Genomic Solutions) as
described in section 2.11.6. The hybridised arrays were scanned as described in
section 2.11.7 and the images were processed to obtain raw expression data as
described in section 2.11.8. Statistical analysis of the microarray data was performed
as described in section 2.12.
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Figure 2.1 Overview of microarray methods. Samples were collected from the infected
and mock-infected animals, RNA was extracted and amplified in anti-sense RNA (aRNA)
before labelling with fluorescent dyes and hybridisation onto the BOV20K array slides,
followed by scanning, image processing and statistical analysis of the data to reveal any
differentially expressed genes.

2.11.1 Microarray platform
The BOV20K microarray which was used in these experiments was designed by Dr
A. Gossner and Prof. J. Hopkins and printed by ARK Genomics. The BOV20K
microarray contains PCR products amplified from cDNA clones derived from
expressed sequence tags (ESTs). It consists of 20,260 sequences printed in duplicate.
It has been manually curated, so the EST sequences are non-redundant, i.e. not
repeated within and between libraries, so that high-frequency ESTs don’t
overshadow the lower-frequency ones. The array incorporates sequences from
bovine and ovine libraries, from a variety of tissues and conditions, detailed in Table
2.4. The array design (ARK-Genomics Bos taurus 20 K v.1) has been submitted to
Array Express (www.ebi.ac.uk/microarray-as/aer/entry) and can be accessed using
the code A-MEXP-1402 under the the page under the "Query for Arrays" panel.
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2.11.1.1 Microarray design
Table 2.4 Sequences comprising the BOV20K array.
Library

Species

Tissue

Bovine Macrophage Specific BoMP-5K array (Array Express
accession, A-MEXP-495) (Jensen
et al., 2006)
Bovine Unigene Set of clones
(http://www.imagenesbio.de/products/sets_libraries/).
Bovine Ovulatory cycle

Bos taurus

Macrophage

Number
of clones
5,500

Bos taurus

Brain

10,000

Bos taurus

Ovary,
Uterus

Bos Taurus
(N’Dama),
Bos
Indicus
(Boran)
Ovies aries
(Cheviot)

Liver,
Spleen,
Lymph node,
Bone
Marrow
Brain,
Spleen

Bovine Trypanosomiasis

Ovine Scrapie
(Gossner and Hopkins, 2008)

Condition

Progesterone
induced
ovulatory cycle
Infected with
Trypanosoma
Congolese,
also mockinfected
Infected with
scrapie
(clinical stage),
also uninfected

431,
326
695,
811,
828,
568
2,000

The BOV20K 1 array (Array Express accession A-MEXP-1402) is an expansion of
the Cattle 15 K cDNA array (Array Express accession A-MEXP-609). In addition to
a 5 K library of stimulated bovine macrophages (Array Express accession A-MEXP495) and a 10 K library of brain transcripts (Bovine Unigene Set 1, RZPD) contained
on the Cattle 15 K cDNA array, the BOV20K contains a further 757 bovine
sequences from ovary and uterus libraries from animals undergoing a progesteroneinduced ovulatory cycle and 2,902 sequences from liver, spleen, lymph node and
bone marrow libraries from animals affected by Trypanosoma congolese as well as
healthy controls (Table 2.4). The BOV20K array also contains 2,000 ovine brain and
spleen sequences from scrapie-infected and control animals (Gossner and Hopkins,
2008) (Table 2.4).
At the time of array design, there were no well-characterised ovine libraries
available, hence the use of bovine sequences. Previous studies of sequence similarity
between sets of bovine and ovine genes have shown identity of 97% on proteincoding regions, suggesting that cross-hybridisation of ovine sequences on bovine
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arrays is feasible (Kijas et al., 2006). Indeed, the earlier version of the BOV20K
array, the Cattle 15 K array (A-MEXP-609) has successfully been used to study
melatonin regulated genes in the ovine pituitary pars tuberalis, and found the
hybridisation of sheep genes to cattle sequences to be greater than 90% (Dupré et al.,
2008).

2.11.1.2 Microarray printing
Array printing was carried out by ARK Genomics. The array was printed using the
MicroGrid II arrayer using the standard protocol for this machine. The array printing
protocol for the ARK-Genomics BOV20K v.1 array has been submitted to Array
Express and can be accessed using the code P-MEXP-35977.
Briefly, the clone-set was amplified in 96 well plates and re-arrayed into a 384-well
Montage (Millipore) filtration plate to isolate the amplified DNA products. These
products were checked by agarose gel electrophoresis and quantified using a
Picogreen DNA quantitation assay. All single band PCR products were re-arrayed, in
fresh barcoded 384 well pates (Genetix 7022), at a concentration of 150 ng per
microlitre in 0.1 M sodium phosphate buffer pH 8 containing 0.01% SDS, ready for
printing. All re-arraying was done with Multiprobe II (Perkin Elmer) liquid handling
robot.
DNA was printed onto aminosilane coated glass slides (Corning GAPS II) using a
Genomic Solutions MicroGrid II arrayer and the MicroSpot pins according to the
manufacturers instructions. All printing was carried out in conditions of constant
humidity (52 % relative humidity (RH)) and temperature (20°C) in a room supplied
with High Efficiency Particulate Air (HEPA) filtered air.
Prior to printing the pins were cleaned by ultra-sonication in water and if necessary
50 mM potassium hydroxide. A test print of all pins was carried out by printing Cy3
streptavidin conjugate dye in printing buffer onto poly lysine slides and printing 100
features per pin. When all pins printed consistent size spots for more than 80 features
they were accepted as ready to print.
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The MicroGrid II was then programmed for the array print run, with a grid layout file
prepared to allow duplicate printing at random within a patch. At the end of the print
run the slides were removed following the program instructions in preparation for
post processing. The slides were processed to bind the DNA to the slide, denature the
DNA, and prevent non-specific binding during hybridisation. Slides were transferred
from the printer into stainless steel slide staining racks before baking at 80°C for 4
hours in an oven.
The slides were blocked after they had returned to room temperature. Blocking was
carried out in a fume hood. Fresh blocking solutions were prepared by completely
dissolving 0.75 g succinic anhydride in 125 ml 1-methyl-2-pyrrolidinone, and
immediately mixing in 125 ml of 0.2 M boric acid pH 8.0. The slides were plunged
into the solution and vigorously agitated for 15 min using a magnetic stirrer. The
slides were then transferred to a stirred water bath containing MilliQ water
maintained at 95°C and plunged up and down and side to side for 2 min to denature
the DNA to single strands. The slides were then transferred to a trough containing
96% ethanol for 1 min. The slides were then transferred to microscope slide boxes
and dried by centrifugation. Slides were then stored in a desiccator in the dark at
room temperature until use.
2.11.1.3 Microarray annotation
Annotation for the BOV20K was created by staff at ARK Genomics prior to
submission of the Array Definition File (ADF) to ArrayExpress. The output file from
the array printer for the BOV20K array, Bov20K_030206.gal, was converted from
Block, Column, Row gal file format to the MetaColumn, MetaRow, Column, Row
ADF format required by ArrayExpress.
EST accessions for clones on the array were extracted from this file and their
sequences retrieved from GenBank using Batch Entrez. A series of BLASTs were
run to compare each sequence against the following Bos taurus sequence datasets:
DfCI Bos taurus Gene Index 11, Ensembl 37 Bos taurus cDNA, March 2006 NCBI
Unigene and March 2006 EBI International Protein Index ipi_BOVIN data. Blastn
was used for nucleotide sequences and blastx for the International Protein Index
protein sequences.
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Custom Perl scripts were used to label each EST accession with information about
the top BLAST hit against each data set and any available associated annotation.
Gene Ontology (GO) Annotation was incorporated from the EBI GOA cow.xrefs and
gene_association.goa_cow datasets together with GO annotation available as part of
the Gene Index data.
Transcript IDs for Ensembl top hits were used to obtain further annotation using
Ensembl Biomart. This information was integrated into the final annotation file,
20060405_bovine_20K_annotation.xls.
2.11.2 RNA amplification
The MessageAmp aRNA Kit (Ambion #1750) was used for RNA amplification.
Reverse transcription of mRNA was carried out with an oligo(dT) primer bearing a
T7 promoter. The resulting cDNA was in vitro transcribed with T7 polymerase to
generate multiple antisense RNA (aRNA) copies of each mRNA molecule in the
sample. The RNA amplification procedure is presented schematically in Figure 2.2.
2.11.2.1 First strand cDNA synthesis
Total RNA was quantified using the Nanodrop ND-1000 spectrophotometer (as
described in section 2.2.4.2). Total RNA, 1 µg from each sample was placed into
sterile, RNase-free 0.2 ml PCR strips (ABgene). A 1µl aliquot of oligo(dT) primer
(MessageAmp kit, Ambion #1750) was added to each tube and the volume was made
up to 12 µl with MilliQ water. The tubes were incubated at 70°C for 10 min (Dyad
PCR machine). A Reverse Transcription Master Mix was made up at room
temperature comprising per reaction: 2 µl 10x First Strand buffer, 1 µl Ribonuclease
Inhibitor, 4 µl dNTP mix, 1 µl Reverse Transcriptase (all reagents MessageAmp kit,
Ambion # 1750). The RNA samples were placed on ice and 8 µl master mix was
added to each tube and mixed. The reactions were incubated at 42°C for 2 hrs (Dyad
PCR machine).
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Figure 2.2 Summary of the RNA amplification protocol (image from Ambion Message
Amp manual). The RNA is reverse transcribed into cDNA, followed by second strand
cDNA synthesis. The purified dsDNA is used as a template for in vitro synthesis of multiple
copies of antisense RNA (aRNA), which is then purified prior to labelling with Cy dyes.
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2.11.2.2 Second strand cDNA synthesis
The tubes containing the cDNA from Section 2.10.1.1 were placed on ice. A master
mix of the second strand cDNA reagents was prepared containing per reaction 63 µl
nuclease-free water, 10 µl 10x second strand buffer, 4 µl dNTP mix, 2 µl DNA
polymerase, 1 µl RNase H (all reagents MessageAmp kit, Ambion #1750). Into each
tube 80 µl of the master mix was added and the reactions were incubated at 16°C for
2 hrs (Dyad PCR machine).
2.11.2.3 cDNA purification
An aliquot of nuclease-free water (MessageAmp kit, Ambion #1750) was pre-heated
to 50ºC. One Filter Cartridge per cDNA sample was placed in a 2 ml tube and
equilibrated with 50 μl cDNA Binding Buffer (all reagents MessageAmp kit,
Ambion # 1750) at RT for 5 min. The cDNA reactions from step 2.11.1.2 were
transferred to clean, sterile RNase-free tubes (Ambion). 250 μl of cDNA binding
buffer were added to each sample and mixed thoroughly by pipetting. Each sample
was then pipetted onto the centre of an equilibrated filter cartridge and centrifuged
for 1 min at 10,000 × g. The flow through was discarded and the cartridge was
replaced in the 2 ml tube. A 500 μl aliquot of cDNA wash buffer were applied to
each filter cartridge and centrifuged at 10,000 × g for 1 min. The flow through was
discarded and the columns were centrifuged for an additional minute at 10,000 × g to
remove trace amounts of ethanol. The filter cartridges were then transferred into
elution tubes and 10 µl of nuclease-free water (pre-heated to 50ºC) were applied to
the centre of each filter cartridge and let stand at room temperature for 2 min. The
columns were then centrifuged at 10,000 × g for 1.5 min (Eppendorf centrifuge 5415
D). The elution was repeated with a second 10 μl of pre-heated nuclease-free water.
The filter cartridges were discarded.
2.11.2.4 In vitro transcription to synthesize aRNA
A 16 μl aliquot of the eluted double-stranded cDNA (Section 2.11.1.3) for each
sample was transferred to a sterile, RNase-free 0.2 ml PCR tube (ABgene PCR
strips). A master mix was made containing per reaction 3 µl 5-(3-aminoallyl)-UTP
(Ambion # 8449), 4 µl T7 ATP (75 mM), 4 µl T7 CTP (75 mM), 4 µl T7 GTP (75
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mM), 2 µl T7 UTP (75 Mm), 4 µl T7 10x reaction buffer, 4 µl T7 enzyme mix (all
reagents MessageAmp kit, Ambion # 1750). 25 µl of the master mix were added to
each tube and mixed by repeated pipetting. The reactions were incubated for 24 hrs
at 37°C (Dyad PCR machine). Following the 24 hr incubation, 2 µl DNaseI
(MessageAmp kit Ambion # 1750) were added to each tube and the tubes were
incubated at 37°C for a further 30 min (Dyad PCR machine) to remove template
cDNA.
2.11.2.5 aRNA purification
One filter cartridge per aRNA sample was placed in a 2 ml tube and equilibrated with
50 µl aRNA Binding buffer at RT for 5 min. A 60 µl aliquot of Elution solution was
added to each aRNA sample (Section 2.10.1.5). Each sample was transferred to a
fresh nuclease-free 1.5 ml tube (Ambion). A 350 µl aliquot of aRNA Binding buffer
was added to each aRNA sample and mixed thoroughly by repeated pipetting. A 250
µl aliquot of 100% ethanol was added to each sample and mixed by repeated
pipetting. Each sample was then pipetted onto an equilibrated filter cartridge and
centrifuged for 1 min at 10,000 × g (Eppendorf centrifuge 5415 D). The flow
through was discarded and the cartridge replaced in the 2 ml tube. 20 ml 100%
ethanol were added to the aRNA Wash buffer and mixed thoroughly. A 650 µl
aliquot of aRNA wash buffer was applied to each filter cartridge and centrifuged at
10,000 × g for 1 min. The flow through was discarded and the columns were
centrifuged for an additional minute at 10,000 × g to remove trace amounts of
ethanol. The filter cartridges were then transferred into elution tubes and 50 µl of
nuclease-free water (pre-heated to 50°C) were applied to the centre of each filter
cartridge and let stand at RT for 2 min. The columns were then centrifuged at 10,000
× g for 1.5 min. The elution was repeated with a second 50 µl of pre-heated
nuclease-free water. The filter cartridges were discarded.
2.11.2.6 Assessment of aRNA yield and quality
The aRNA yield was assessed using the Nanodrop ND-1000 spectrophotometer as
described in section 2.3.5.2. The aRNA quality was analysed by assaying 1 µl of
each purified aRNA sample on an Agilent Bioanalyser RNA Nano Chip as described
in section 2.3.6.
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2.11.3 Dye coupling reaction using amplified aRNA incorporating
aminoallyl UTP
The dyes Cy3 or Cy5 were coupled to the aminoallyl UTP in order to fluorescently
label each sample for subsequent microarray hybridisation. One aliquot of Cy dye
per 9 reactions was resuspended in 45 µl DMSO (Fairplay Microarray labelling kit,
Stratagene # 252003). A 1.2 µg aliquot of aaUTP aRNA per sample was made up to
a volume of 20 µl using MilliQ water. The 20 µl (1.2 µg) aaUTP aRNA aliquots
were placed a sterile, RNase free 96-well plate (AB gene) and dried down in a
SpeedVac centrifuge (Jouan RC 10.22) for 40 min. The RNA was resuspended in 5
µl coupling buffer (Fairplay Microarray labelling kit, Stratagene # 252003). To aid
resuspension, the plate was placed at 37°C for 30 min (Dyad PCR machine). A 5 µl
aliquot of the appropriate Cy dye was added to the aRNA and mixed. The reactions
were incubated for 1 hr at room temperature in the dark.
2.11.4 Column purification of labelled aRNA
One DyeEx 2.0 spin column was used per labelled reaction (Qiagen, # 63206). The
column was labelled, vortexed to resuspend the resin, the cap was loosened and the
bottom closure snapped off. The columns were placed into 2 ml collection tubes and
centrifuged at 832 × g for 3 min (Eppendorf 5415 D centrifuge). The spin columns
were then transferred into amber tubes (Axygen) and one labelling reaction was
applied to the gel bed of each column. The tubes were returned to the centrifuge and
spun at 832 × g for 3 min. The spin columns were discarded and the eluate,
containing the purified labelling reaction, was stored at -20°C.
2.11.5 Assessment of labelled aRNA yield and quality
Labelled aRNA yield was assessed using the Nanodrop ND-1000 spectrophotometer
as described in section 2.2.4.2, using the microarray analysis protocol, which also
measures UV absorbance for the wavelengths of the two Cy dyes and the
concentration of labelled molecules calculated in pmolµl-1.
For each RNA sample, 0.5 µl Cy3 labelled aRNA and 0.5 µl Cy5 labelled aRNA
were mixed with 1 µl TE-Glycerol (2:1) solution and loaded in a well of a minigel.
The minigels were constructed using a genomic solutions slide trays and combs and
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run at 100 V for 1 hr using an EC 250-90 apparatus and a Fisher-Brand tray.
Following gel electrophoresis the gel were loaded onto microscope slides and
scanned at the Cy3 and Cy5 wavelengths using the GeneTacTM LS IV scanner and
dedicated computer.
2.11.6 Hybridisation
The hybridisations were performed using the automated hybridisation stations
GeneMachines HybStation (Genomic Solutions)
2.11.6.1 Slide cassette assembly
The hybridisation stations were switched on and the required number of cassettes
was removed to accommodate the slides being hybridised. The black base of the
cassettes was separated from the clear cover and an O-ring was placed around the
edge of each of the two slide chambers of each cassette. The box of slides was
removed from the desiccator and two slides were placed onto the black base of each
cassette. The base was tilted back to position the slides at the top right corner of the
holder. The clear cover was placed over the slide/base assembly of each cassette and
the assembled cassettes were inserted into the hybridisation station modules. The
cassettes were locked in place with the locking screws. The wash bottles were placed
on the hybridisation stations in the following order: medium stringency buffer, high
stringency buffer, and post wash buffer and a probe was inserted into each bottle.
2.11.6.2 Preparation of hybridisation solutions
The hot-block in the clean room was set to 95°C. The labelled cDNA samples were
removed from -20°C storage and thawed on ice while covered with foil to protect
from light. A hybridisation solution was prepared for each microarray slide
comprising: 85 µl ULTRAHyb buffer (Ambion #8670), 10 µl PolyA (10 mgµl-1)
(Sigma-Aldrich), 25 pmol Cy3-labelled cDNA, 25 pmol Cy5-labelled cDNA, 5 µl
Salmon Sperm DNA (10 mgµl-1) (Invitrogen), and 5 µl Ultra Pure BSA (50 mgml-1)
(Ambion).
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2.11.6.3 Loading hybridisation stations
The “Start Run” option was selected on the main menu and the standard
hybridisation protocol was selected (described in Table 2.5).
Table 2.5. Hybridisation protocol
Description
O ring conditioning
Introduce Probe
Hyb A
Hyb B
Hyb c
medium stringency wash
high stringency wash
post wash buffer

Temperature
75°C
60°C
55°C
50°C
45°C
50°C
42°C
42°C

Cycling
2 min
3 hours
3 hours
12 hours
Flow 20 sec
Flow 20 sec
Flow 20 sec

agitate
agitate
agitate
Hold 30 sec
Hold 30 sec
Hold 30 sec

5 cycles
5 cycles
5 cycles

The required modules were highlighted on the touch-screen and the “start” option
was selected followed by the “continue” option. The modules were heated to 75°C
for the O-ring conditioning. Once the O-ring conditioning was completed, the screen
displayed a window with “Probe” and “Finish” buttons for the two slides within the
first slide cassette requiring injection of the hybridisation solution. The two
microfuge tubes containing the hybridisation solution for the two slide positions
displayed were placed in the hot block at 95°C for 2 min and pulse spun to bring the
contents to the bottom of the tube. The solution was aspirated using a 200 μl Gilson
pipette with a Greiner 200 μl plugged tip. The tip of the pipette was inserted into the
probe injection port on the appropriate slide chamber. The plunger was very slowly
depressed and the fluid was injected into the chamber until the chamber was filled.
Care was taken to maintain an even pressure to avoid bubble formation on the slide.
The pipette tip was removed and a plastic probe plug was inserted into the port. On
the screen “Finish” was pressed for the first slide position, and then the process was
repeated for the second slide in that module, the “Finished” button was pressed for
that module and the process was repeated for all additional modules in the Hyb
stations that required loading. The program proceeded automatically.
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2.11.6.4 Post-Hybridisation processing
When the hybridisation stations indicated that the reactions were complete, the
clamps were released and the cassettes were removed from the modules. The cassette
covers were lifted off and the slides were peeled from the O-rings. The slides were
racked in a staining rack and immersed in Low Stringency buffer for approximately 1
minute. The slides were racked in slide drying boxes and dried by centrifuging at 140
× g for 6 min (Beckman GS-3 centrifuge).
2.11.7 Scanning
The slides were scanned in batches of 30 using a Genepix Autoloader 4200AL
Microarray Scanner, controlled by GenePix Pro software version 6.1 (Molecular
Devices).
2.11.8 Image processing and data acquisition

A.

B.

Figure 2.3 Examples of spots of varying quality. A. High quality spot (A flag) The spot
has a well defined circular shape, high colour intensity, uniform distribution of colour across
its different areas, and is distinct from the background. B. Low quality spot (D flag). The
shape of the spot is ill defined; colour intensity is low and variable across the different spot
areas with a dark area in the middle, indicative of incomplete hybridisation; there are pixellike areas of red staining across the spot, likely to be non-specific background staining.

Scanned images were aligned to the GAL file; spot intensity amplitudes and quality
data were extracted using BlueFuse software version 3.3 (BlueGnome). The log2
ratios from the two channels for each spot were calculated by Bluefuse. The Bluefuse
software also gave each spot a confidence flag. The confidence measure ranged from
0.00 (for a poor quality spot) to 1.00 (for a very high quality spot). The confidence
flags were defined as follows: A= 1-0.90, B=0.90-0.71, C=0.70-0.31, D=0.30-0.11,
E=0.1-0. The confidence measure took into account a variety of spot characteristics
such as consistency of ratio of pixels across the spot, signal to noise ratio, circularity,
uniformity, distribution of spot area, and degree of spot saturation. Examples of a
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high quality spot (A flag) and a low quality spot (D flag) are given in Figure 2.3. The
raw, non-normalised Bluefuse data for each chip were saved as text files. Each file
contained information on the coordinates of each spot, its name and ID, Bluefuse
confidence value, and raw Cy3 and Cy5 intensities. The image processing and data
acquisition workflow is summarised in Figure 2.4.

2.12 Microarray data analysis
Raw data generated by Bluefuse were processed using Limma (Smyth, 2005) within
BioConductor 2.2 (Gentleman et al., 2004) on the statistical package R (version
2.2.0). The data were “cleaned up” or normalised to minimise experimental artefacts
using a print-tip loess method (Smyth and Speed, 2003). The expression levels of the
scrapie-infected and control samples were compared using a linear model with
empirical Bayes (eBayes) smoothing, as well as Benjamini-Hochberg correction for
false discovery rate (Smyth, 2004). The data analysis process is summarised in
Figure 2.5.
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Scanned image

Array layout
(GAL file)

Data acquisition
(Conversion of intensity
from colour to number)

Data quality control
(Confidence flag)

Bluefuse output file .txt

Figure 2.4 A summary of the image processing and data acquisition workflow. The
scanned images were imported into Bluefuse and combined with the array layout
information from the GAL file. Colour intensities for the Cy3 and Cy5 channels were then
converted to numerical values and confidence values were calculated for each spot. Bluefuse
data were exported as .txt files.
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Importing raw data

Experimental design
(“targets” file)

Array design
(GAL file)

Array data
(Bluefuse, .txt file)

Visualisation of raw data

MA plot

Intensity plot
(spatial variation)

Box-plots
of M values

Data normalisation

Define “spot types”

Assign “weights”

Weighted Print tip Loess

Visualisation of normalised data

MA plots

Box-plots of M values

Statistical analysis

Fit linear model

eBayes smoothing

Benjamini-Hochberg
correction for FDR (5%)

Visualisation of
statistical analysis data
Q-Q plot

MA plot

Top table

Figure 2.5 A flowchart summarising the microarray data analysis process. The main
stages included importing raw data, visualising intensity and spatial effects, normalisation
using print-tip loess, visualising the effect of normalisation, comparing gene expression in
the infected versus the mock-infected samples, and visualising the results using QuantileQuantile and MA plots.
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2.12.1 Importing raw data and experimental design information into R
125 d.p.i
K300

K345

K324

K308

K359

Figure 2.6 Schematic representation of the experimental design for a microarray
experiment. The scrapie infected samples are represented in blue and the mock infected
control samples are represented in pink. An arrow joining two samples indicates that labelled
aRNAs from those samples were hybridised together on a microarray slide. The sample at
the base of the arrow was labelled with Cy3 (green) dye and the sample at the point of the
arrow was labelled with Cy5 (red) dye.

A “map” of the design of each experiment, detailing the number of slides, which
samples were hybridised on which slide, and whether the samples were from scrapieinfected or mock-infected animals was imported into the software in the form of a
“targets” file. An example of a “targets” file is provided in Table 2.6, and the “map”
of the same experiment is presented schematically in Figure 2.6.
The Genepix Array List (GAL) file (Section 2.11.1.3)(saved in .txt format) providing
information on the chip’s layout and spot identities was read into R. The GAL file is
essentially a map of the array, providing information on the number of blocks, rows
and columns, as well as the annotation for each spot. The GAL file allows the
identification of each spot’s sequence based on its co-ordinates. The raw expression
data obtained from Bluefuse were read into R. The Bluefuse output was saved as .txt
files containing information on the coordinates of each spot, its name and ID,
Bluefuse confidence value, and raw Cy3 and Cy5 intensities.
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Table 2.6 Example targets file. (D) stands for SSBP/1 infected and (C) stands for mockinfected control.
ArrayID

FileName

Cy3 (green)

Cy5 (red)

1

2006-03-22_30_output.txt

K345(D)

K359(C)

2

2006-03-22_31_output.txt

K300(D)

K324(D)

3

2006-03-22_25_output.txt

K308(C)

K324(D)

4

2006-03-22_24_output.txt

K359(C)

K308(C)

5

2006-03-22_29_output.txt

K359(C)

K300(D)

6

2006-03-22_26_output.txt

K345(D)

K300(D)

7

2006-03-22_34_output.txt

K308(C)

K345(D)

8

2006-03-22_35_output.txt

K300(D)

K308(C)

9

2006-03-22_36_output.txt

K324(D)

K345(D)

10

2006-03-22_23_output.txt

K324(D)

K359(C)

2.12.2 Visualisation of the raw data
The raw, non-normalised data were visualised using various graphs in order to
ascertain the extent of experimental artefacts.
2.12.2.1 Intensity plot to detect spatial variation of background
In order to visualise any spatial effects on spot intensity, a plot was produced
showing the intensity of each spot, converted into a spectrum of shades of green for
Cy5, (ranging from low intensity, shown as dark green, to high intensity, shown as
saturated white) against the spot’s position on the array as described by the GAL file.
The same plot was produced for Cy3, converting spot intensities into shades of red.
In a slide where no hybridisation artefacts occurred, the distribution of colour (i.e.
spot intensity) would vary randomly, depending on differences in gene expression.
Any smears or lines are evidence of hybridisation artefacts caused by conditions such
as air bubbles, or contaminants such as minuscule hairs or specks of dust. An
example of an intensity plot showing a hybridisation artefact is presented in Figure
2.7.
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A.Cy5 image plot

B. Cy3 image plot

Figure 2.7 Image plot of spatial variation of background for a buffy coat microarray a.
Cy5 b. Cy3 Each square represents a block of spots on the array (print-tip group), with each
individual spot represented as a pixel. Spot intensity appears to vary depending on position
on the array; a hybridisation effect is evident as a curve of very high intensity (saturated)
spots spanning the middle of the slide seen with both dyes.
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2.12.2.2 MA plot to visualise expression data
An MA plot was produced for each slide as a way to visualise the expression data.
The MA plot shows the log odds of the two channel intensities (M), i.e. the ratio of
the log2 of the Cy5 (red) and the log2 of the Cy3 (green) for each slide on the y axis,
against the average intensity for each spot (A) on the x axis. The M and A values are
defined as follows:
M= log2 R- log2 G= log2 (R/G)
A= ½ × (log2 R + log2 G)
The log2 is used as it allows for a more symmetrical distribution of values around the
mean, as well as a more intuitive interpretation of the results, as a ratio of 1 indicates
a 2-fold higher and a ratio of -1 indicates a 2-fold lower amount of signal in the Cy5
channel. A ratio of 0 indicates that there is no difference between the two channels.
An example MA plot is presented in Figure 2.8.

Figure 2.8 MA plot of non normalised buffy coat microarray. This array shows a trend
from Cy5 (red) bias (higher M values) at low intensities (lower A values) to Cy3 (green) bias
(lower M values) at high intensities (higher A values). This type of bias is removed by
normalisation. A cluster of high intensity spots with a very strong Cy3 bias (circled) are
identified as the Landing lights (Cy3-only spots used as guides for grid alignment during
image processing).
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2.12.2.3 Box-plot to compare spread of M values between slides

Figure 2.9 Box-plot of M values, pre- normalisation, of the 125 d.p.i set of arrays.
Arrays 11-20 are dye swaps of arrays 1-10. There is variation in the size of the IQR and the
value of the median between arrays.

In order to visualise the raw data of all the microarray slides in each experiment and
see how the different slides compare to one another, a box-plot was produced
showing the non-normalised M values for each chip. A box-plot is graphic
representation of the spread of values in a distribution, showing five descriptive
values: the smallest value (minimum), the lower quartile (Q1, or the cut-off beneath
which 25% of the values fall), the median (Q2, or the cut-off beneath which 50% of
the values fall), the upper quartile (Q3, or the cut-off beneath which 75% of the
values fall), and the largest value (maximum). The inter-quartile range (IQR, the
values lying above Q1 and below Q3, i.e. 50% of the total values) is shown as a box,
starting at Q1 and ending at Q3, with the median shown as a line inside the box. The
smallest and largest values are connected to the box with vertical lines (whiskers).
Any values lying outside 1.5 × IQR are classed as outliers and shown as circles. In
this plot, the array number is plotted on the x axis and the M values (the log2 of the
ratio of the intensity of the two channels, representing the relationship of the gene
expression of the two samples on each array), are plotted on the y axis. For the data
to be comparable, all medians should lie approximately on a straight line, and the
magnitude of the IQR should be similar. As most spots on a microarray are usually
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not differentially expressed, medians tend to lie on zero. An example of a box-plot of
non-normalised M values is shown in Figure 2.9.
2.12.3 Data normalisation
In order to remove variation arising from experimental conditions (i.e. “clean up the
background noise” in order to identify true biological differences), normalisation was
carried out using a print-tip locally weighted scatterplot smoothing (loess) method
(Smyth and Speed, 2003). Spots were weighted by a confidence value provided by
Bluefuse (section 2.11.8). Each spot was given a weight from 1 to 0, corresponding
to its confidence score. Certain spot types not expected to hybridise to the sample,
such as blank spots and landing lights (Cy3 only spots used for grid alignment during
image processing) were given a weight of zero.
Loess regression is a method based on polynomial regression, used for smoothing
data, based on the method first described by Cleveland (Cleveland, 1979). Taking a
group of values, in this case the scatter of M values seen on the MA plot, a
polynomial equation is used to define a “best-fit” curve for small, overlapping
subsets of the data. Each point (i.e. M value) is considered individually, and a line or
a quadratic curve is drawn around that central point. The spots nearer the central
point have a higher effect on the shape of the curve. The local regression curves are
then joined to form a curve describing the entire dataset. This process is shown in
Figure 2.10.
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M

M

A

A

A.

B.

Figure 2.10 Loess regression A. Local regression curve for a sub-set of the data B.
Combined, smooth regression curve for the entire data-set. (Adapted from Stekel, 2003
p.85)

The loess curve describing the entire dataset is then used to normalise each
individual M value. Each M value corresponds to a point on the group curve.
Subtracting the value of the corresponding point of the loess curve from the original
M value provides the new, loess normalised M value for the particular spot. This is
also expressed as N= M- loess (A).
Rather than using the M values of all the spots on the array as its data set, print-tip
loess calculates a smoothing curve for each print-tip group (sub-block) of the array.
This is a way of addressing the spatial variation of intensity while minimising loss of
information. Using print-tip loess, an area with a high number of saturated or low
confidence spots, and thus inherently not very informative, is not going to be
averaged with an area of low background and high confidence spots, which is
inherently more informative. Simply put, block-by-block smoothing allows us not to
carry over bias from bad areas of the array into the more informative, high quality
data areas, while still correcting the background in both. The normalisation equation
in print-tip loess can also be expressed as N=M- loessi (A) where i is the ith print-tip
group on the array.
The “default” weight used in print-tip loess is based on the proximity of each spot to
the central point of the local regression curve, with the spots nearer the curve
weighing more than those further away. However, not all spots on the array are

99

CHAPTER 2

MATERIALS AND METHODS

equally informative, as some are of higher quality than others (Section 2.11.8).
Therefore, a refinement on the default print-tip weighting is to assign spot weights
based on spot quality. This allows high quality spots to have a greater effect on the
drawing of the regression curve, and prevents bad data such as very intense spots
caused by high background from skewing the curve and affecting normalisation
(Figure 2.11).

M

M

A

A

A.

B.

Figure 2.11 Loess regressions with two different types of weight A. Local regression
curve for a sub-set of the data using spot proximity as weight (default setting). Spot quality is
not taken into account B. Local regression curve for a sub-set of the data using spot quality
values as weights. The green spots (high quality) have a greater effect in positioning the
curve that the red spots (low quality)

The print-tip loess normalisation process consisted of three steps. Firstly, the spot
types were defined by importing a text file listing the spot names and the types into
R. The content of the file is listed in Table 2.7. Secondly, a column named “weights”
was created, containing the Bluefuse confidence value for each spot. The weights of
blank spots and landing lights (Cy3 only spots used for grid alignment during image
processing) were changed to zero, so that these spots would not affect normalisation.
In the case of landing lights this was particularly important as these spots had high
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confidence values and high intensity, and could have skewed the regression curve.
Finally, print-tip loess was performed using the modified weights. An example of
print-tip loess for a microarray slide is shown in Figure 2.12.
Table 2.7. Spot types. The spot types present on the array comprised cDNA spots, blank
spots, positive control spots (unused in this experiment), landing lights (Cy3-only spots used
for grid alignment during image processing), mixed spots (a small number of spots
containing more than one probe due to printing error), and salmon sperm DNA spots
(another positive control not used in this experiment).

SpotType

ID

Colour

cDNA

*

black

Blank

blank

orange

Positive

*ontrol

red

Landing

Landing Lights

green

Mixed

mixed

blue

Salmon

Salmon Sperm DNA

pink

spot report

Spot Report*

yellow

Buffer

Spotting*

brown
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Figure 2.12 Print-tip loess normalisation MA plot for a buffy coat array. Each square
represents a print-tip (sub-array) group. All M values on each sub array were fitted to a
regression line (in red) so that spatial effects and dye biases were reduced.
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2.12.4 Visualisation of normalised data
In order to visualise the effects of the normalisation, the steps described in Section
2.12.2 were repeated using the normalised M values.
2.12.4.1 MA plots
MA plots were produced for each slide and compared to those obtained using the raw
data (Section 2.12.2.2), to ascertain whether the normalisation was successful in
reducing the overall intensity-related dye bias.
Print-tip MA plots were also produced for each slide in order to visualise the effects
of normalisation on each sub-array group.
2.12.4.2. Box-plots of M values
Box-plots of M values were produced and compared to those obtained using the raw
data (Section 2.12.2.3) to determine whether normalisation made the arrays more
comparable or whether further between-array normalisation was needed.

2.12.5 Statistical analysis
A linear model was fitted to the data and various comparisons were performed to
ascertain differences in expression between the samples. eBayes smoothing was
applied to shrink all the standard errors for the gene expression of the same gene on
different arrays towards a common value (Smyth, 2004). The Benjamini-Hochberg
correction for false discovery rate at 5% was also applied to address errors associated
with multiple testing.
2.12.5.1 Fit Linear Model
The first step in fitting the linear model was to define the experimental design using a
matrix. A design matrix was created using the information from the “targets” file
(Table 2.6). One of the two mock-infected controls for each comparison was
arbitrarily selected as a reference sample, to be used as a baseline to compare
everything else to. The columns of the matrix represent the difference between each
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of the samples and the reference sample, and the rows of the matrix represent the
slides in the experiment (taken from the rows in the targets file).
The second step was to define all spot types to be included in the comparison. The
array contained spots of various types (Table 2.7). All cDNA spots were included in
the comparison, whereas the landing lights, unused positive control spots (Positive
control and Salmon Sperm DNA), blanks, and unusable spots containing mixed
probe were excluded.
The third step was to define which samples were to be compared. In order to perform
a comparison, a new matrix was created (contrast matrix). The contrast matrix
specifies the comparisons of interest between the coefficients defined in the design
matrix.
To compare all diseased samples to the two mock-infected control samples, the
following command was used:
contrast.matrix<-cbind("D-C"=c(1/3,1/3,1/3,-1/2)) This represents the comparison
between the average of the SSBP/1 infected samples (D1+D2+D3)/3 and the average
of the controls (C1+C2) /2 but as each coefficient is expressed as the difference of
each sample from the arbitrary baseline (C1) this can also be expressed as{[(D1C1)+(D2-C1)+(D3-C1)/3] – [(C1-C1) + (C2-C1)/2]}.
To compare the two control samples to each other, the following command was used:
contrast.matrix<-cbind("C-C"=c(0,0,0,1)) This represents the comparison between
the two control samples, or the fourth column of the design matrix, (C2-C1). The
first three columns of the design matrix (D1-C1), (D2-C1), and (D3-C1) are ignored.

2.12.5.2 Empirical Bayes (eBayes) correction
Empirical Bayes (eBayes) (Smyth, 2004) was used after each comparison was
performed, to rank genes in order of evidence for differential expression. eBayes
uses an empirical Bayes method to shrink the standard errors for each spot across
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multiple arrays towards a common value. This essentially means using information
from all the arrays to increase confidence in the estimation of the standard error, and
allows for the calculation of a moderated t-statistic with increased degrees of
freedom (due to the higher confidence).
The moderated t-statistic tests the hypothesis that each individual contrast is equal to
zero. For instance, for the design matrix specified in Section 2.12.5.1, the t-statistic
tests that the expression of a spot (corresponding to a row in the matrix) in the first
coefficient (D1-C1, a column of the matrix), is equal to zero, or that the gene is
equally expressed in samples D1 and C1. A separate t-statistic is calculated for the
same spot in the D2-C1 column, another for the D3-C1 column, and another for the
C2-C1 column. A moderated P-value is also calculated, associated with the
moderated t-statistic.
The moderated F-statistic, computed from the set of t-statistics for each spot, tests the
hypothesis that all the contrasts for this spot are zero. For instance, for the D-C
comparison, the hypothesis tested by the F-statistic is that each spot is expressed at
the same level in the SSBP/1-infected and the mock-infected animals, giving a D-C
or [(D1+D2+D3)/3- (C1+C2)/2] value of zero.
Finally, eBayes produces the B-statistic, or posterior log-odds ratio, a measure of the
probability that a spot is differentially expressed, based on the information obtained
on this spot from all the arrays in the experiment. A B-statistic of 1.1 means that the
odds of differential expression for a given gene are e1.1=3.004, or three to one, and
the probability of that gene being differentially expressed is 3/ (1+3)=0.75.
2.12.5.3 Benjamini-Hochberg correction for false discovery rate
A problem with microarray experiments is the issue of multiple testing, which leads
to false positive results. The false discovery rate (FDR) is defined as the expected
proportion of false positives among the results found to be significantly different
with any given statistical test (Benjamini and Hochberg, 1995). A FDR of 5% means
that 5 out of every 100 genes identified as having a statistically significant difference
in expression are false positives.

105

CHAPTER 2

MATERIALS AND METHODS

2.12.6 Visualisation of statistical analysis data
2.12.6.1 Q-Q plot
The comparison was visualised as a quantile-quantile (Q-Q) plot. Quantiles are
ordinal points taken at regular intervals from a probability distribution. A Q-Q plot
plots the theoretical quantiles of the comparison distribution (in this case the t
distribution) on the x axis, and the quantiles of the distribution of the sample values
(in this case the D-C comparison) on the y axis. If the sample distribution is the same
as the comparison distribution, the plot approximates a straight line at 45°. If there is
a substantial deviation from linearity, the null hypothesis of sameness is rejected. An
example Q-Q plot is shown in Figure 2.13

Figure 2.13 Student’s Q-Q plot of moderated t-values. There is evidence of both up and
down-regulation of genes between the two groups as the line curves at both ends.

2.12.6.2 MA plot
An MA plot of the D-C comparison was drawn to visualise the results.
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2.12.6.3 Top table
A list of genes in order of evidence for differential expression was created for each of
the comparisons described in section 2.12.5, adjusting the

P-values for false

discovery rate (FDR) of 5%. The top table presents a number of summary statistics
for each spot, such as the M-value and A-value for the contrast of interest, the
moderated t-statistic from eBayes (Section 2.12.5.2), the P-value adjusted for
multiple testing (Section 2.12.5.3), and the B-statistic or posterior log-odds (Section
2.12.5.2), which is also used by default to rank the genes. The top Table can be
customised to include different numbers of genes and to rank genes according to any
of the available parameters.

2.12.7 Network generation and Functional analyses
The networks and functional analyses were generated through the use of Ingenuity
®

Pathways Analysis (IPA) Version 7.5 (Ingenuity Systems, www.ingenuity.com).
2.12.7.1 Uploading the data set
A data set containing Human Genome Organisation Gene Nomenclature Committee
(HUGO- GNC) gene identifiers and corresponding fold-change values was uploaded
into IPA. Only genes with modified P-values of ≤0.005 (obtained as described in
Section 2.12.5) were included in the dataset. Each gene identifier was mapped to its
corresponding gene object in the Ingenuity Pathways Knowledge Base.
2.12.7.2. Functional Analysis of the data set
The functional analysis identified the biological functions and/or diseases that were
most significant to genes contained in the data set. The probability that each
biological function and/or disease assigned to that data arose by chance was
determined using Fischer’s exact test.

107

CHAPTER 2

MATERIALS AND METHODS

2.12.7.3. Canonical Pathway Analysis of the data set
The canonical pathway analysis identified the pathways from the Ingenuity Pathways
Analysis library that were most significant to the data set. Two measures of the
significance of the association were provided:
1) A ratio of the number of genes from the data set that mapped to the pathway,
divided by the total number of genes that mapped to the canonical pathway
2) A P-value was calculated using Fischer’s exact test was used to determine the
likelihood of the association between the genes in the dataset and the canonical
pathway arising by chance.

2.12.7.4. Network generation
Networks of the genes contained in the uploaded data set were algorithmically
generated, based on their connectivity when overlaid onto a global molecular
network developed by the Ingenuity Pathways Knowledge Base. The network
generation algorithm prioritises “specific interactions”, or highly interconnected
nodes (Calvano et al., 2005). Networks are ranked based on their calculated P-scores.
The P-scores are derived from P-values. If there are n genes in the network and f of them
are Focus Genes (significantly differentially expressed genes from the uploaded dataset),
the P-value, calculated using Fischer’s exact test, is the probability of finding f or more
Focus Genes in a set of n genes randomly selected from the Global Molecular Network.
The P-score is calculated from the P-value as follows:
P-score=-log10 (P-value)

2.12.7.5. Functional Analysis of a Network
The functional analysis identified the biological functions and/or diseases that were
most significant to the genes contained in each network. Fischer’s exact test was
used to calculate a P-value determining the probability that each biological function
and/or disease assigned to that network arose by chance.
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3.0 Quantitative real-time RT-PCR
While we were waiting for the BOV20K array to be printed and ready for use by
ARK-Genomics, a small scale real-time RT-PCR study was undertaken, also seen as
an opportunity to become familiar with real-time RT-PCR methods and data
analysis.
As the overall aim of this project was to identify genes whose expression changes in
scrapie infection could be used as a basis for the development of a diagnostic PCR
assay, blood was the obvious sample of choice. This was because blood is easily
accessible, and that is an important consideration for a large scale diagnostic test.
Moreover, blood carries infectivity in scrapie (Houston et al., 2000), as well as in
vCJD (Peden et al., 2004), ovine BSE (Sisó et al., 2006), and CWD (Mathiason et
al., 2006), and could play an important role in the dissemination of infectivity
throughout the body.
As part of a larger investigation into the molecular aspects of scrapie pathogenesis,
New Zealand-derived Cheviot sheep from the DEFRA breeding flock of the
VRQ/VRQ, VRQ/ARR, and ARR/ARR genotypes were experimentally infected
with scrapie strain SSBP/1 and sacrificed at different time-points post inoculation
(Hunter et al., 2009). For this study we chose to focus on the VRQ/VRQ animals,
because they are the most susceptible to infection, and have more extensive PrPSc
accumulation in the periphery as well as shorter incubation times than the other
genotypes (Houston et al., 2002). We hypothesised that any changes in gene
expression related to the accumulation of PrPSc would be easier to identify in the
VRQ/VRQ animals, reflecting the widespread PrPSc accumulation in the periphery.
We also hypothesised that changes in expression related to disease progression
would be evident in earlier time-points in these animals, reflecting the reduced
incubation times. The aim of the experiment was to ascertain gene expression
differences between SSBP/1-infected and mock-infected animals in the pre-clinical
stage of the disease (before clinical symptoms become evident). This was intended as
a small-scale study initially, with the plan to expand to other genotypes if differences
in expression were identified.
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For the same reason, three time-points were initially selected, with a view to assay
additional time-points if differences in expression were identified (for this reason,
expression of one of the genes of interest was additionally assayed at 10 d.p.i). The
choice of time-points was informed by histopathology results for the accumulation of
PrPSc, detected with the antibodies BG4 (N-terminal epitope) and R145 (C-terminal
epitope), carried out by staff at NPU (Table 3.1) (Hunter et al., 2009). Three SSBP/1infected and two mock-infected animals were available at each time-point, giving a
total of 20 samples. The samples used in this experiment are summarised in Table
3.2. All three time-points were pre-clinical, as the aim of the study was to identify
changes that could be used for the development of a pre-clinical diagnostic assay.
The first time-point we decided to use was 25 d.p.i., as this was when PrPSc
accumulation was first detected in the periphery, and specifically in the prescapular
lymph node (PSLN), the draining lymph node at the site of infection. The second
time-point we chose was 75 d.p.i., when PrPSc accumulation became widespread in
the periphery, with all three infected animals staining positive for PrPSc accumulation
in the PSLN, one animal staining positive for PrPSc in the tonsil and two animals
staining positive for PrPSc in the spleen for the first time. Finally, the 125 d.p.i. timepoint was chosen as it was the first time when PrPSc became detectable in the brain,
with all three animals staining positive for PrPSc in the medulla and one animal also
staining positive for PrPSc in the thalamus. The VRQ/VRQ animals showed signs of
clinical disease at 193 ± 12 d.p.i., by which point all tissues tested were positive for
PrPSc accumulation in all animals. The mock-infected controls remained negative for
PrPSc in all tissues and all time-points tested (Hunter et al., 2009).
Candidate genes for the real-time RT-PCR assay were selected based on published
studies of gene expression in scrapie. Most of the published studies at the time
utilised mouse models of scrapie, and focussed on gene expression in the brain,
mainly in clinical stages of the disease. Whether there would be a direct correlation
of these results from mouse models to sheep scrapie gene expression changes was
not certain, especially as we were interested in changes in the periphery and at preclinical time-points, with a view to developing a diagnostic PCR assay. However, we
hypothesised that at least some of the gene expression changes seen in mouse brain
would be brought about by the infectious agent, as well as in response to PrPSc
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accumulation, both of which features are also present in the periphery. Therefore we
hypothesised that it would be possible to observe these changes in cells or tissues
outside the CNS.
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Table 3.1 Immunochemistry of VRQ/VRQ sheep challenged with SSBP/1 (Adapted from
Hunter et al., 2009)
Lymphoid tissues

Brain regions

DPI

PSLN

Tonsil

Spleen

Medulla

10

–

–

–

–

–

(–)

(–)

(–)

(–)

2/3*
(2/3)

–

–

(–)

25

50

75

100

125
Clinical
193 ±
12

Basal
ganglia

Frontal
Cortex

–

–

–

(–)

(–)

(–)

(–)

–

–

–

–

–

(–)

(–)

(–)

(–)

(–)

(–)

–

–

–

–

–

–

–

(–)

(–)

(–)

(–)

(–)

(–)

(–)

3/3

–

2/3

–

–

–

–

–

(2/3)

(1/3)

(–)

(–)

(–)

(–)

(–)

(–)

3/3
(1/3)

1/3
(2/3)

2/3

–

–

–

–

–

(–)

(–)

(–)

(–)

(–)

(–)

3/3
(2/3)

1/3
(3/3)

1/3

3/3

1/3

–

–

–

(–)

(–)

(–)

(–)

(–)

(–)

3/3
(3/3)

3/3
(3/3)

3/3
(3/3)

3/3
(3/3)

3/3

3/3

3/3

3/3

(3/3)

(3/3)

(3/3)

(3/3)

3/3
(1/3)

Thalamus Cerebellum

* number of animals staining with BG4 or (R145)
– represents 0/3

Table 3.2 Buffy coat RNA samples used in the real-time RT-PCR experiment.
d.p.i.

10

25

75

125

SSBP/1-infected

K343 (BC001)
K347 (BC001-2)

K321(BC080)
K309 (BC091)

K289 (BC364)
K331 (BC372)

K300 (BC604)
K324 (BC612)

K351 (BC001)

K358 (BC100)

K349 (BC380)

K345 (BC622)

K337 (BC001)

K336 (BC106)

K328 (BC391)

K308 (BC627)

K315 (BC001)

K285 (BC118)

K362 (BC396)

K359 (BC636)

Mock-infected
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3.1 Selection of candidate genes for real-time RT-PCR
Table 3.3 Selection of candidate genes for real-time RT-PCR in SSBP/1-infected animal
blood.
Function

Gene

Immune
B2M
response,
MHC class I
Immune
C1QB
response,
Complement
Immune
CCL5
response,
Chemokine
Immune
CCR5
response,
Chemokine
receptor
Protease
CST7
inhibition
Transcriptional
EGR1
activation/
Immune
response
Iron transport
HBB
Regulation of
NCKAP1
apoptosis
Cholesterol
FDFT1
biosynthesis

Booth Brown Riemer Xiang Lee
Gossner et
Baker Baker and
et al., et al. al.,
et al., Manuelidis, et al., et al., et al.,
2002 2003
2004 2004
2004
2004 ,2005 unpublished
↑
↑
↑

↑

↑

↑

↑

↑

↑ early

↑

↑

↑

↑

↑

↑

↓

↓

↓
↓

↑
↓

Candidate genes were selected whose expression had been shown to vary between
scrapie-infected and mock-infected samples in 2 or more scrapie microarray studies
(Table 3.3). The expression levels of genes B2M, C1QB, CCL5, CCR5, CST7,
EGR1, HBB, NCKAP1 & FDFT1 were quantified by real time PCR in sheep buffy
coat samples. Some of these candidate genes have previously been shown to be
differentially expressed in the murine model of scrapie, others in CJD microglia, and
others were shown to be differentially expressed in scrapie infected sheep brain
tissue from microarray studies (Gossner, personal communications).
The protein β2-microglobulin (B2M) is associated with the major histocompatibility
complex (MHC) class I heavy chain on the cell surface. B2M is known to be
increased as part of the inflammatory response in encephalitides caused by Herpes
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Simplex Virus (HSV) (Sobel et al., 1986) and Human Immunodeficiency Virus
(HIV) (Brew et al., 1989). B2M expression was up-regulated in brains of 79a and
ME7 scrapie-infected mice (Booth et al., 2004, Xiang et al., 2004), as well as in
earlier studies using suppression subtractive hybridisation (SSH) in 236K-infected
hamsters (Riemer et al., 2000), differential display (DD) in scrapie-infected mouse
brains (Dandoy-Dron et al., 1998), and cDNA library subtraction in scrapie-infected
mouse brains (Duguid and Dinauer, 1990). B2M expression is known to be induced
by interferon (Tienhaara et al., 1991), and therefore its up-regulation in scrapie
brains was suggested to be part of an interferon response to infection, perhaps
reflecting generalised damage within the brain.
The C1QB gene encodes a component of the complement cascade, which is an
important pathway in immune response and inflammation. The expression of C1QB
was found to be up-regulated in scrapie-infected mouse brains (Dandoy-Dron et al.,
1998, Booth et al., 2004, Brown et al., 2004, Riemer et al., 2004, Xiang et al.,
2004), and microglia from CJD-infected human brain (Baker and Manuelidis, 2003).
The activation of complement could reflect brain inflammation during scrapie, with
activated astrocytes and microglia (a marker of which is C1q) damaging brain tissue.
C1q has been shown to co-localise with PrPSc in amyloid plaques (Kovacs et al.,
2004). Moreover, complement plays an important role in the early stages of prion
propagation. C1q deficient mice are resistant to intra-peritoneal (i.p.) infection with
scrapie (Klein et al., 2001, Mabbott et al., 2001). The prion protein has been shown
to activate the classical complement pathway directly, in the absence of antibody
(Mitchell et al., 2007). This could mean that PrPSc activates complement in the
GALT upon ingestion, leading to its opsonisation, followed by uptake by migrating
dendritic cells (DCs), and subsequent spread to other tissues.
CCL5 (previously known as RANTES) is a chemoattractant for monocytes and
activated lymphocytes. CCL5 expression has been shown to be up-regulated in the
hippocampus of mice infected with ME7 scrapie, co-localising with G-FAP positive
astrocytes, suggesting a role in pro-inflammatory responses (Lee et al., 2005). CCL5
expression was also shown to be increased in the brains of VRQ/VRQ sheep after
SSBP/1 infection (Gossner et al., unpublished data). The prion protein itself is able
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to drive the up-regulation of neuronal expression of CCL5, resulting in the
recruitment of microglia to the site of prion aggregation (Marella and Chabry, 2004).
CCR5 is one of the receptors for CCL5, and has been shown to be up-regulated in the
hippocampus of scrapie infected mice (Lee et al., 2005), as well as in brains of
SSBP/1-infected sheep compared to mock-infected controls (Gossner et al.,
unpublished data) and in microglia cultured from CJD-infected human brain, perhaps
facilitating their migration through the brain (Baker et al., 2002).
Cystatin F (CST7) is a cysteine protease inhibitor. CST7 mRNA was found to be upregulated in CJD microglia and IFN-gamma treated microglia (Baker and
Manuelidis, 2003), suggesting that CST7 is part of the host’s immune defence
mechanism in TSEs. It was also found to be up-regulated from the pre-clinical timepoint of 125 d.p.i through to terminal infection with scrapie strain 139a (Riemer et
al., 2004), and at late stages of disease in ME7-infected and RML-infected mouse
brains (Xiang et al., 2004). The positive regulation of CST7 could be a protective
response against the increased expression of various cathepsins and other lysosomal
proteins. Moreover, cysteine protease inhibitors were shown to inhibit PrPSc
accumulation in scrapie-infected neuroblastoma cells in vitro (Doh-Ura et al., 2000).
The EGR1 gene encodes Early Growth Response 1 protein, a transcription factor
involved in the MAP kinase/Erk1/2 signalling pathway. EGR1 expression was
strongly down-regulated in the brains of scrapie-infected mice at the clinical stage of
infection, and suggested to reflect dysregulation of neuronal development and
differentiation (Booth et al., 2004). EGR1 expression was also shown to be
decreased in the brains of VRQ/VRQ sheep after SSBP/1 infection (Gossner et al.,
unpublished data). EGR1 has been shown to bind to the CCL5 gene promoter and
drive CCL5 expression in response to PrPSc aggregation (Thellung et al., 2007).
Haemoglobin β (HBB), is one of the two loci determining the structure of
Haemoglobin A. Genes belonging to the Hb family, namely Hbb-y and Hba-a1 were
found to be down-regulated in scrapie-infected mouse brains throughout the time
course of scrapie infection (Booth et al., 2004). The haematopoietic system was
shown to be involved in prion disease as mRNA for α-haemoglobin stabilising
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protein (AHSP, previously known as EDRF), another haematopoietic gene transcript,
was shown to be down-regulated in blood during the pre-clinical stage of disease
(Miele et al., 2001).
NCK-associated protein 1 (NCKAP1) is a type II transmembrane protein which is
implicated in preventing apoptosis and was found to be markedly down-regulated in
the brains of Alzheimer’s disease patients (Suzuki et al., 2000) and in mouse models
of AD (Yamamoto et al., 2001). Expression of NCKAP1 was also down-regulated in
brains of mice throughout the time-course of infection with scrapie strains ME7 and
79a (Booth et al., 2004).
Squalene synthase (FDFT1), is an enzyme which catalyses the conversion of transfarnesyldisphosphate to squalene, in the cholesterol biosynthesis pathway. Genes
belonging to this pathway have been shown to be differentially expressed in TSE
infection (Brown et al., 2004, Riemer et al., 2004). FDFT1 expression was downregulated in 139A-infected mouse brains (Riemer et al., 2004) and also in the brains
of VRQ/VRQ sheep after SSBP/1 infection (Gossner et al., unpublished data).
Altered cholesterol metabolism is also a feature of Alzheimer’s disease (Cutler et al.,
2004).
3.2 Primer design and optimisation
Primers were designed using stringent parameters, as detailed in Section 2.5.1. Table
3.4 describes the primer properties as well as the mRNA sequences used as a
template for primer design. The primers were optimised (Section 2.10.3) and the
optimised conditions are detailed in Table 3.5. The CCR5, CCL5, HBB, NCKAP1,
SDHA and YWHAZ primers were designed and optimised by Dr. A. Gossner.
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Table 3.4 A summary of the real-time RT PCR primers detailing the forward (F) and
reverse (R) primer sequences and expected product size.
Gene
B2M

C1QB
CCL5
CCR5
CST7
EGR1
GAPDH
HBB
NCKAP1
SDHA
FDFT1

YWHAZ

Primer

Product

Sequence 5’-3’

size

F

ACTCAAGACACCCGCCAGAA

159

R

ACTCAGCGTGGGACAGAAGG

F

AACGAGAATGGCGAGAAGG

R

CTCAGGTGGTGGTTGATGG

F

CGCCAACCCAGAGAAGAAGT

R

CGGCACAAGTTCAGGTTCAA

F

ATACGTGCAGCCCACATTTC

R

GATTCCCGAGTAGCAGACGA

F

CTGGTCCTGGGTGCTCTTGG

R

CGTTGGTCTTGATGGTCTTG

F

AGGACAGGAGGAGGAGATGG

R

GTCAAAGGGAATAGGGACTGG

F

GGTGATGCTGGTGCTGAGTA

R

TCATAAGTCCCTCCACGATG

F

GGCAAGGTGAAAGTGGATGA

R

CCCAAAGTGCTCAAAGAACC

F

CAAGAGCAAGAGCTGGACATC

R

AACTCGCCACCAGGACTTAGA

F

ACCTGATGCTTTGTGCTCTGC

R

CCTGGATGGGCTTGGAGTAA

F

TTGGCCTCCTATTGAACTTACC

R

TACTCTGGGATTCGGCACTC

F

TGTAGGACCCCGTSGGTCAT

R

TCTCTCTGTATTCTAGCGATC
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Table 3.5. A summary of the optimised real-time RT-PCR primer conditions.
Restriction
enzyme

Forward
primer
(nM)

Reverse
primer
(nM)

[Mg]
(mM)

Amplicon
length (bp)

SDHA (*)

Nde I

300

300

2.5

126

GAPDH (*)

Nde I

300

300

3.5

265

YWHAZ (*)

Nde I

600

600

3.0

101

B2M

Nde I

500

500

3.0

177

C1QB

Nde I

300

300

3.0

191

CCL5

Sal I

300

300

2.5

91

CCR5

Nde I

600

600

3.0

98

CST7

Nde I

600

600

3.0

100

EGR1

Nde I

300

300

3.0

282

FDFT1

Nde I

600

600

3.0

169

HBB

Nde I

300

300

3.5

93

NCKAP1

Nde I

600

600

3.0

108

Gene

(*) denotes genes used as reference genes.

3.3 RNA extraction and reverse transcription into cDNA
RNA was extracted from buffy coat and DNase I treated as detailed in Sections 2.3.1
and 2.3.4. The RNA was quality assessed by spectrophotometry and Agilent Total
RNA Nano chip analysis (Section 2.3.5). The RNA concentrations, A260/A280 ratios
and Agilent RIN numbers are presented in Table 3.6 (the RNA ladder was faulty in
the agilent analysis of samples K343-K315 so a RIN number could not be obtained).
RNA from the VRQ/VRQ animals at 125, 75 and 25 d.p.i. was reverse transcribed
into cDNA as described in Section 2.4.1.1.
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Table 3.6. A summary of the RNA samples used in the RT reaction.
Sample ID
K343
(BC001)
K347
(BC001)
K347
(BC002)
K351
(BC001)
K337
(BC001)
K315
(BC001)
K321
(BC080)
K309
(BC091)
K358
(BC100)
K336
(BC106)
K285
(BC118)
K289
(BC364)
K331
(BC372)
K349
(BC380)
K328
(BC391)
K362
(BC396)
K300
(BC604)
K324
(BC612)
K345
(BC622)
K308
(BC627)
K359
(BC636)

Concentration (ng/µl)

A260/A280

A260/A230

RIN

258.77

2.13

1.31

n/a

62.97

2.09

1.32

n/a

61.60

2.02

1.69

n/a

311.46

2.12

1.97

n/a

260.45

2.12

2.04

n/a

201.72

2.15

1.79

n/a

344.99

2.01

2.15

9.7

395.00

1.94

2.33

9.3

492.51

2.00

2.35

n/a

380.16

2.01

2.14

9.6

334.25

1.82

2.00

9.8

459.23

1.94

2.00

9.8

363.92

2.03

0.65

8.5

370.50

2.06

1.62

9.3

474.77

1.92

2.08

9.7

533.91

1.99

2.20

9.4

420.49

1.97

2.29

9.4

237.07

1.93

2.18

9.7

428.82

2.03

2.12

9.3

453.13

1.89

1.61

9.5

347.57

2.00

1.77

9.3
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3.4 Optimisation of cDNA template concentration
In order to ascertain the optimal concentration of cDNA template, CCL5, HBB,
NCKAP1, CCR5 and SDHA primers were used to amplify serial dilutions of pooled
buffy coat cDNA (1/4, 1/8, 1/16, 1/32). The cDNA pool consisted of 2 µl undiluted
cDNA from each of the 15 samples. Each gene was amplified using the dilution
series as a template, with each point repeated in duplicate. The real-time PCR was
successful (Figure 3.1) and all sets of primers amplified a specific product as was
evident from the melt curves (Figure 3.2) and gel electrophoresis (Figure 3.3). The
specificity of the products was also verified by sequence analysis (Section 2.9).The
melt curve provides a graphic representation of the change in fluorescence during
gradual heat denaturation of the PCR product performed at the end of the real-time
PCR cycling (Section 2.10.1). Peaks in the curve correspond to the melting
temperature of the PCR product, and any secondary peaks or shoulders to the left of
the main peak represent products with lower melting temperature, corresponding to
shorter, partial or non-specific product or primer dimers. The melt curve analysis
indicated that the 1/16 and 1/32 cDNA dilutions gave rise to some non-specific
product as was evident from slight shoulders on the curve. Moreover, the efficiency
for those dilutions was not optimal as the Ct values deviated from the 1 cycle interval
that should occur between 2-fold dilutions. It was therefore decided to use the 1/8
dilution of the cDNA template.
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A. CCL5

B. CCR5

C. HBB

D. NCKAP1

E. SDHA

F. FDFT1

Figure 3.1. Construction of standard curves using serial dilutions of pooled cDNA template. A. CCL5, B. CCR5, C. Hbb, D. NCKAP1, E.
SDHA, F. FDFT1
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B. CCR5

A. CCL5

C. HBB

D. NCKAP1

E. SDHA

F. FDFT1

Figure 3.2 Melt curve analysis using serial dilutions of pooled cDNA template. A. CCL5, B. CCR5, C. HBB, D. NCKAP1, E. SDHA, F. FDFT1
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3.5 Initial screen to confirm candidate gene expression
Lane 1

2

3

4

5

6

7

8

9

10

300
200
100
91
Lane 11

93

12

108

98 169 126
13

265 101

14

15

16

300
200
100
159

191

100

282

Figure 3.3 Size fractionation of real-time PCR products on 2% agarose gel.
Lane 1 contains 100 bp ladder. Lane 2 contains the PCR product for CCL5 (91 bp). Lane 3 is
HBB (93 bp), lane 4 is NCKAP1 (108 bp), lane 5 is CCR5 (98 bp), lane 6 is FDFT1 (169
bp), lane 7 is SDHA (126 bp), lane 8 is GAPDH (265 bp), and lane 9 is YWHAZ (101 bp).
Lanes 10 and 11 contain 100 bp ladder. Lane 12 is B2M (159 bp), lane 13 is C1QB (191 bp),
lane 14 is CST7 (100 bp), and lane 15 is EGR1 (282 bp). Lanes 11 and 16 contain 100 bp
ladder.

An initial screen of each candidate gene across all three time-points was performed
in order to select candidates for more detailed quantification.
The genes CCL5, CCR5 and NCKAP1 were mostly not detected and artefacts were
observed probably due to the low copy numbers.
The genes B2M, C1QB, CST7, EGR1, HBB and FDFT1 were chosen as candidates
for further analysis.
The genes SDHA, GAPDH and YWHAZ were present in all samples and showed no
differential expression trends, making them good candidates for further expression
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stability assessment to determine their suitability as reference genes (Section 3.6.2)
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH), catalyses the oxidative
phosphorylation of glyceraldehyde-3-phosphate. Succinate dehydrogenase subunit A
flavoprotein (SDHA), catalyses the seventh step of the citric acid cycle, the oxidation
of succinate to fumarate. Tyrosine 3-monooxygenase/tryptophan 5-monooxygenase
activation protein, zeta polypeptide (YWHAZ) is a member of the 14-3-3 family of
proteins, which are mediators of signal transduction. Although it has previously been
shown to vary in CNS tissues of sheep with natural scrapie, its expression was very
stable in brains of SSBP/1-infected sheep (Gossner et al., unpublished data.)
Gel electrophoresis of the real time PCR products was performed to ensure the
product sizes were accurate. All products were of the expected size (Figure 3.3).
3.6 Selection of reference genes
3.6.1 Construction of standard curves
Standard curves were successfully generated for GAPDH, SDHA and YWHAZ from
linearized plasmid dilution series (Section 2.10.4.2), confirming the efficiency of the
real-time PCR reaction across a dynamic range of concentrations over five orders of
magnitude. The standard curves are shown in Figure. 3.4 and the associated melt
curves are shown in Figure. 3.5. Five linearized plasmid dilutions were assayed in
triplicate for each gene, giving efficiency values of 1 for GAPDH and SDHA,
equivalent to 100%, and 1.02 for YWHAZ, equivalent to 102%. The higher than
100% efficiency was an artefact that was attributed to the short size of the product, as
it was evident from the melt curve that there were no primer dimers (Figure 3.5). The
data fit, indicated by the R and R2 values, was excellent for SDHA and YHWAZ, as
it was higher than 0.99 (equivalent to 99%), and very good for GAPDH, where the
slightly lower values (R value of 0.98 and R2 value of 0.97) were caused by greater
variation between replicates, which was attributed to pipetting error.
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A. GAPDH

B. SDHA

C. YWHAZ

Figure 3.4 A. GAPDH plasmid standard curve B. SDHA plasmid standard curve C.
YWHAZ plasmid standard curve.
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C. YWHAZ
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Figure 3.5 A. GAPDH plasmid melt curve B. SDHA plasmid melt curve C. YWHAZ
plasmid melt curve.
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3.6.2 Real-time RT-PCR to assess stability of the reference genes
Table 3.7 A summary of the NormFinder results for reference gene stability
Gene name

Stability value

Combined stability

SDHA

0.069

SDHA and GAPDH

GAPDH

0.072

YWHAZ

0.103

0.050

A lower value indicates increased stability.
Table 3.8 A summary of the NormFinder results for reference gene intergroup
stability.
Gene name

Stability value SSBP/1

Stability value controls

SDHA

0.033

0.035

GAPDH

0.016

0.062

YWHAZ

0.091

0.068

A lower value indicates increased stability.

The stability of GAPDH, SDHA and YWHAZ expression across experimental
conditions was assessed as described in section 2.10.4.2. The NormFinder results are
summarised in tables 3.7 and 3.8. The NormFinder algorithm uses a mathematical
model to estimate the intrinsic variation in the expression of reference genes both
overall and within sample groups, and evaluate the best combination of stably
expressed genes to be used for real-time PCR normalization. The output of stability
values ranges from 0 to 1, with a lower value indicating increased stability. The cutoff value is arbitrary, but thresholds of between 0.5 and 0.15 have been suggested
(Vandesompele et al., 2002; Hellemans et al., 2007).
All three reference genes were stable, both within and between groups. GAPDH and
SDHA had the highest combined stability of 0.050, making them the best
combination to use as reference gene controls.
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3.7 Real-time RT-PCR experimental design
The relative expression levels of the genes B2M, C1QB, CST7, EGR1, FDFT1 and
HBB were quantified at 25, 75 and 125 d.p.i as described in section 2.10.5.1
3.8 Statistical analysis of results
Table 3.9 Summary of the real-time RT-PCR results for VRQ|VRQ sheep.
10 d.p.i.

25 d.p.i.

75 d.p.i.

125 d.p.i.

FoldP-value
change*

Foldchange

P-value

Foldchange

P-value

Foldchange

P-value

B2M

N/A

N/A

1.29

0.363

1.04

0.891

-1.22

0.093

C1QB

N/A

N/A

1.08

0.894

-2.17

0.349

1.35

0.821

CST7

N/A

N/A

1.10

0.768

1.54

0.613

-1.55

0.368

EGR1

N/A

N/A

-1.05

0.871

-1.32

0.696

4.07

0.486

HBB

1.06

0.958

6.37

0.445

1.29

0.846

1.22

0.589

FDFT1

N/A

N/A

-1.30

0.212

1.19

0.206

1.22

0.459

*The fold-change represents the ratio of normalised mean expression in the SSBP/1-infected
samples and mock-infected samples. The P-value is associated with a two-tailed t-test
assuming equal variances. P≤0.05 was considered as indicating a statistically significant
difference. Fold-changes higher than 2-fold have been highlighted in bold. When the foldchange was smaller than 1, in has been transformed to -1/value for ease of interpretation.

Statistical analysis of the real-time PCR results was carried out as described in
section 2.10.6. The resulting fold-change and P-values are presented in detail in
Figures 3.6 and 3.7 and summarized in Table 3.9. None of the comparisons showed a
statistically significant difference (P ≤0.05) in gene expression.
Levels of B2M appeared slightly up-regulated in the SSBP/1-infected samples, with
a fold-change of 1.29 at 25 d.p.i. (non-significant P=0.363). This was mainly due to
increased B2M expression in SSBP/1-infected sample K321 (Figure 3.6 A). The
levels of B2M expression were not different between SSBP/1-infected and control
animals 75 d.p.i (fold-change 1.04, non-significant P=0.891), even though SSBP/1infected sample K289 appeared to have elevated B2M expression compared to the
other infected and control samples (Figure 3.6 A). There was a trend towards downregulation of B2M at 125 d.p.i. (fold-change -1.22, non-significant P=0.093). Levels
of B2M in all three SSBP/1-infected samples were similar, and lower than those of
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controls, however, this difference was of small magnitude and was not statistically
significant (Figure 3.6 A).
The mean C1QB expression in the SSBP/1-infected animals was not different to that
of mock-infected controls at 25 d.p.i (fold-change 1.08, non-significant P=0.894);
however, individual C1QB levels varied considerably, with an almost 4-fold
difference in expression between the two control samples. At the next assayed timepoint of 75 d.p.i there was a strong trend towards down-regulation (fold-change 2.17, non significant P=0.349) (Figure 3.6 B). This trend was mostly due to one of
the control samples (K328) having elevated C1QB expression. The three SSBP/1infected samples had similar levels of C1QB expression to each other and to the
other control sample (K382) (Figure 3.6 B). At 125 d.p.i., C1QB appeared slightly
up-regulated in the SSBP/1-infected animals (fold-change 1.35, non-significant
P=0.821). This difference was attributable to very high C1QB expression in the
SSBP/1-infected sample K324 compared to the other SSBP/1-infected samples and
mock-infected controls (Figure 3.6 B).
Levels of CST7 appeared equivalent in the SSBP/1-infected and mock-infected
control animals at 25 d.p.i, with a fold-change of 1.10 (non-significant P=0.768). All
SSBP/1-infected and mock-infected control samples had very similar CST7
expression levels (Figure 3.6 C). A trend towards up-regulation was evident at 75
d.p.i (fold-change 1.54, non-significant P=0.613). However, individual CST7 levels
varied greatly between individual samples, with the SSBP/1-infected samples K289
and K349 and the control sample K362 having at least 6-fold higher CST7
expression than the SSBP/1-infected sample K331 and the control sample K328,
whose CST7 expression levels were very similar (Figure 3.6 A). There was a trend
towards down-regulation of CST7 in the SSBP/1-infected samples at 125 d.p.i (foldchange -1.55, non-significant P=0.368). The levels of CST7 expression in SSBP/1infected samples K300 and K324 were very similar, and lower than those of control
samples K308 and K359. However, the third SSBP/1-infected sample, K345, had
similar CST7 expression levels to control sample K308 and higher CST7 expression
than control sample K359 (Figure 3.6 C).
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A. Relative expression of B2M at 25, 75 and 125 d.p.i
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B. Relative expression of C1QB at 25, 75 and 125 d.p.i
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C. Relative expression of CST7 at 25, 75 and 125 d.p.i
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Figure 3.6 Relative expression results for genes B2M, C1QB and CST7 at 25, 75 and
125 dpi in VRQ\VRQ sheep. SSBP/1-infected animals are represented in blue and mockinfected controls in pink. The sample numbers are plotted on the x axis and the normalised
expression value is plotted on the y axis. Sample K336 is selected as calibrator for 25 d.p.i,
sample K328 is the calibrator for 75 d.p.i and sample K308 is the calibrator for 125 d.p.i.
The error bars represent ± SD of the mean.
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EGR1 expression appeared unchanged between the SSBP/1-infected and mockinfected animals at 25 d.p.i. (fold-change -1.05, non-significant P=0.871). All
SSBP/1-infected and mock-infected samples had comparable EGR1 expression
levels (Figure 3.7 A). EGR1 expression appeared to be slightly decreased in the
SSBP/1-infected samples at 75 d.p.i (fold-change -1.32, non-significant P=0.696).
All SSBP/1-infected samples had lower EGR1 expression than control sample K328,
however the other control sample, K362, had similar EGR1 expression to the
SSBP/1-infected samples K289 and K349, and lower EGR1 expression than the
SSBP/1-infected sample K331 (Figure 3.7 A). At 125 d.p.i., EGR1 was up-regulated
4.07-fold in the SSBP/1-infected animals, however this change was not significant
(non-significant P=0.486) and was attributable to massive up-regulation of EGR1
expression in just one of the SSBP/1-infected samples (K345), whereas the
expression levels in the other two were equivalent to those of controls (Figure 3.7 A).
FDFT1 levels appeared slightly down-regulated at 25 d.p.i. however this difference
was not statistically significant (fold-change -1.30, non-significant P=0.212). The
difference was attributable to high FDFT1 expression in one of the control samples
(K285) (Figure 3.7 B). At 75 d.p.i, this trend was reversed, with a small increase in
FDFT1 levels which was again not significant (fold-change 1.19, non-significant
P=0.206). The SSBP/1-infected samples K289 and K349 had higher FDFT1
expression than the two control samples, but the SSBP/1-infected sample K331 had
similar FDFT1 expression to the controls (Figure 3.7 B).The same trend towards upregulation was seen at 125 d.p.i. with a fold-change of 1.22 (non-significant
P=0.459). All three SSBP/1-infected samples had higher FDFT1 expression than
control sample K308, however the other control sample, K359, had higher FDFT1
expression levels than two of the SSBP/1-infected samples (K324 and K345)
Levels of HBB appeared strongly up-regulated at 25 d.p.i. with a fold-change of
6.37, however this was not statistically significant (non-significant P=0.445) and was
attributable to highly increased HBB expression in one of the SSBP/1-infected
samples (K309) whereas the other two infected samples had comparable expression
levels to those of controls (Figure 3.7 C). In order to assess whether this trend
towards up-regulation at 25 d.p.i. reflected tapering off of an earlier increase in HBB
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expression we measured HBB expression levels at 10 d.p.i. There was no difference
in the levels of HBB expression in SSBP/1-infected and mock-infected animals at 10
d.p.i. (fold-change 1.06, non-significant P=0.958). HBB expression at 10 d.p.i was
very variable between the SSBP/1-infected samples, with K343 and K347 having
lower expression than the controls and K351 having much higher HBB levels than all
other samples (Figure 3.7 C).At 75 d.p.i. there was a small increase in HBB
expression in the SSBP/1-infected animals, however this change was not significant
(non-significant P=0.846). The difference was attributed to increased HBB
expression in just one of the SSBP/1-infected samples (K289) while the other two
SSBP/1-infected samples, K331 and K349, had lower HBB expression than the
controls (Figure 3.7 C). A small up-regulation of 1.22-fold in the SSBP/1-infected
animals was seen at 125 d.p.i, but the difference was not statistically significant
(non-significant P=0.589). HBB expression in the SSBP/1-infected samples K324
and K345 was higher than in both of the control samples, but the SSBP/1-infected
sample K300 had lower HBB expression than the controls (Figure 3.7 C).
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A. Relative expression of EGR1 at 25, 75 and 125 d.p.i
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B. Relative expression of FDFT1 at 25, 75 and 125 d.p.i
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C. Relative expression of HBB at 10, 25, 75 and 125 d.p.i
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Figure 3.7 Relative expression results for EGR1, FDFT1 at 25, 75 and 125 dpi, and
HBB at 10, 25, 75 and 125 dpi in VRQ\VRQ sheep. Values from SSBP/1-infected animals
are represented in blue and values from mock-infected controls in pink. Sample K337 is
selected as calibrator for 10 d.p.i, sample K336 is the calibrator for 25 d.p.i, sample K328 is
the calibrator for 75 d.p.i and sample K308 is the calibrator for 125 d.p.i.
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3.9 Discussion
Diagnosis of prion diseases using blood remains problematic, as PrPSc is the only
specific disease marker to date, and is not readily detectable in human, cattle or
sheep blood using conventional ELISAs. A blood based diagnostic is desirable, as it
would be non-invasive, contrary to the biopsy methods that are currently necessary
for PrPSc detection. Moreover, blood carries infectivity and has transmitted disease
both in experimental sheep scrapie (Houston et al., 2000, Hunter et al., 2002) and in
vCJD-infected blood transfusion (Llewellyn et al., 2004, Peden et al., 2004, Wroe et
al., 2006). Therefore, detecting infectivity in blood is very important in order to
prevent iatrogenic transmission, as well as for large scale screening of sheep and
cattle.
As PrPSc does not always correlate with infectivity (Section 1.2.3), development of
surrogate markers of infection is an attractive option to complement PrPSc based
diagnostics. The gene α-haemoglobin stabilising protein (AHSP) was proposed as a
transcriptional marker of infection, as it was found to be down-regulated in the blood
and spleen of scrapie infected mice and BSE-infected sheep (Miele et al., 2001).
However, this finding was not replicated in blood from BSE-infected cattle and
scrapie-infected sheep in a later study (Brown et al., 2007) and AHSP was proved to
be unsuitable as a diagnostic due to high variation of transcript and protein levels in
normal populations and lack of differential expression in vCJD and sCJD patients
(Glock et al., 2003; Appleford et al,. 2008).
In this study, a panel of genes of interest were assessed for their suitability as preclinical diagnostic markers for scrapie in blood samples from New Zealand Cheviot
sheep of the VRQ/VRQ genotype. The expression levels of the genes were quantified
using quantitative real-time RT-PCR. Experimental parameters such as primer and
template concentration were optimised for more accurate detection (Figure 3.1, Table
3.5).
The selected genes were B2M, C1QB, CCL5, CCR5, CST7, EGR1, HBB, NCKAP1
and FDFT1. B2M has previously been shown to be up-regulated in scrapie-infected
mouse brain and is suggested to reflect an interferon response to infection (Duguid
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and Dinauer, 1990; Dandoy-Dron et al., 1998; Riemer et al., 2000; Booth et al.,
2004; Xiang et al., 2004).
C1QB has been shown to be up-regulated in mouse brain (Dandoy-Dron et al., 1998;
Booth et al., 2004; Brown et al., 2004; Riemer et al., 2004; Xiang et al., 2004), and
in SSBP/1-infected sheep brain (Gossner et al., unpublished data). PrPSc is known to
directly activate the complement pathway (Mitchell et al., 2007), and it has been
suggested that opsonisation by C1Q helps PrPSc dissemination at the early stages of
infection (Klein et al., 2001; Mabbott et al., 2001).
The chemoattractant CCL5 and its receptor CCR5 have been found to be present in
high levels in the brains of scrapie infected mice (Lee et al., 2005) as well as
SSBP/1-infected sheep (Gossner et al., unpublished data), and their expression is
known to be driven by PrPSc (Marella and Chabry, 2004). CEBPD is a transcription
factor, found to be down-regulated in early stages of scrapie infection (Booth et al.,
2004) but up-regulated in terminal mouse brains (Riemer et al., 2004, Xiang et al.,
2004).
EGR1 is a transcription factor which whose expression was decreased in brains of
scrapie infected mice (Booth et al., 2004) and sheep (Gossner et al., unpublished
data) however, EGR1 expression has been shown to be up-regulated in response to
PrPSc in vitro (Thellung et al., 2007).
HBB is a haematopoietic gene transcript found to be down-regulated in brains of
mice infected with scrapie (Booth et al., 2004).
NCKAP1 has a protective role against apoptosis, and its expression was found to be
decreased in the brains of scrapie infected mice, suggesting increased apoptosis and
neuronal loss (Booth et al., 2004).
FDFT1 is involved in squalene synthesis, and was found to be down-regulated in the
brains of scrapie infected mice (Riemer et al., 2004) and sheep (Gossner et al.,
unpublished data), reflecting altered cholesterol metabolism, a feature common to
TSEs and Alzheimer’s disease (Brown et al., 2004; Riemer et al., 2004; Cutler et al.,
2004).

136

CHAPTER 3

REAL-TIME RT-PCR ANALYSIS OF BUFFY COAT SAMPLES

Three of the genes, CCL5, CCR5 and NCKAP1, were found to be present at very
low levels and excluded from further analysis.
A stability assay was carried out on the genes GAPDH, SDHA and YWHAZ to
assess their suitability as reference genes. SDHA and GAPDH emerged as the best
combination, with a combined stability value of 0.05.
The relative expression of genes B2M, C1QB, CST7, EGR1, HBB and FDFT1 was
assayed at 25, 75 and 125 d.p.i. No significant differences in gene expression were
observed. In some cases, there was a fold-change of more than 2-fold between the
normalised mean expression in SSBP/1 and mock-infected sheep (C1QB 75
d.p.i,.,fold-change=-2.17., EGR1 125 d.p.i, fold-change=4.07, HBB 25 d.p.i., foldchange=6.37), however, this difference did not reach statistical significance.
The fold-change of the highest magnitude was of HBB at 25 d.p.i, where the mean
expression level in SSBP/1-infected sheep was 6.37-fold higher than that of controls.
This difference, however, was not statistically significant (P=0.445), as it was mostly
attributable to highly increased expression levels in just one of the SSBP/1 samples,
K309. The levels of HBB were also assayed at 10 d.p.i, to determine whether the
differential expression trend at 25 d.p.i reflected an earlier increase in gene
expression. This proved not to be the case, as mean expression levels were identical
in SSBP/1-infected sheep and mock-infected controls at 10 d.p.i (fold-change 1.06,
P=0.958).
The second highest fold-change was that of EGR1 at 125 d.p.i., with a 4.07-fold
higher mean expression in SSBP/1-infected sheep compared to mock-infected
controls. Again, this difference was mostly attributable to a high increase in
expression levels in just one of the SSBP/1-infected animals, K345, and was not
statistically significant (P=0.486).
The third highest fold-change was seen at 75 d.p.i. with C1QB, whose mean
expression was 2.17-fold lower in SSBP/1-infected sheep compared to mockinfected controls. Once more, this difference was mostly attributable to a high
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increase in expression levels in just one of the control animals, K328, and was not
statistically significant (P=0.349).
As all candidate genes assayed had been identified in expression studies focusing at a
different tissue (brain) and, for the most part, later time-points in disease progression,
it is perhaps not unexpected that their expression changes were not replicated in
sheep blood. The difference of model organism (mouse vs sheep) could also be a
factor, however all these studies were performed with mouse-adapted scrapie strains
so we would expect similar pathological mechanisms, and also when possible we
specifically selected genes whose expression was also shown to vary in sheep brain
samples (Table 3.3). In any case, a good diagnostic candidate would have to be
differentially expressed across different species, so it could also potentially be used
for the detection of other TSEs such as BSE of vCJD, otherwise its diagnostic
applications would be relatively limited.
Another major factor limiting the sensitivity of the experiment was the small sample
number for the SSBP/1-infected (n=3) and mock-infected control animals (n=2),
which meant that any difference in expression had to be both high in magnitude and
very consistent (i.e. have a low standard deviation within groups), in order to appear
statistically significant. A larger number of samples would have allowed us to
estimate the group means and standard deviations more accurately, increasing the
possibility of identifying candidates with statistically significant differences in
expression between SSBP/1-infected and control animals. Another factor that could
have influenced variability between samples was the BC isolation method. As we did
not characterise the cell fractions by flow cytometry, it is possible that they contained
varying amounts of different cell types such as neutrophils, B-cells, T-cells,
monocytes, and macrophages, which would have different expression profiles and
therefore confound the results.
As this study only looked at a small number of candidates, selected from the
published results of experiments performed on a different tissue and disease stage, its
scope was somewhat limited from the outset. In order to conduct a more in-depth
analysis, we proceeded to screen a much larger number of potential candidate genes,
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using an EST microarray containing sheep and cattle sequences from brain and
spleen libraries. This approach has the advantage that it makes no starting
assumptions about which genes will have variable expression, and is therefore able to
identify potential novel candidates.
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4.0 Gene expression analysis of scrapie-infected sheep blood
The aim of this experiment was to test the hypothesis that surrogate markers of preclinical scrapie infection could be identified in sheep blood and potentially developed
into a PCR-based diagnostic assay. The surrogate marker approach was chosen as an
addition to the conventional prion-based diagnosis, as PrPSc is not readily detectable
in scrapie-infected sheep blood (Herrmann et al., 2002). The fact that none of the
candidate genes selected from gene expression studies in mouse models of scrapie
had altered expression in sheep blood with real-time RT-PCR (Chapter 3)
emphasised the need to screen a large number of genes.
As the molecular events accompanying the early dissemination and replication of the
scrapie agent in the periphery remain largely unknown, I aimed to assess the
expression of as comprehensive a set of genes as possible, so as not to exclude any
genes not previously known or expected to be associated with scrapie infection.
Microarrays permit the simultaneous analysis of thousands of genes, and are
therefore a suitable tool for the identification of novel candidate genes in situations
where there is limited knowledge of expected expression profiles.
As there were no well-characterised ovine cDNA libraries or commercially available
ovine microarrays at the time, we used an array containing mostly bovine sequences.
Cross-species hybridisation of ovine samples to bovine microarrays has been used
successfully by other groups (Klener et al., 2006; Dupré et al., 2008). This is due to
the high sequence identity of bovine and ovine gene sequences, found to be close to
97% on protein-coding regions (Kijas et al., 2006).
The microarray used in these experiments was the BOV20K array, a 20,000 EST
microarray designed by Dr A. Gossner and Prof. J. Hopkins and printed by ARK
Genomics (Section 2.11.1). The array comprises sequences from a number of bovine
libraries, including a library of activated macrophages, a brain library, an ovary and
uterus library of animals at various stages of the ovulatory cycle, and a library of
liver, spleen, lymph node and bone marrow of animals undergoing parasitic infection

141

CHAPTER 4

EXPRESSION ANALYSIS OF SCRAPIE-INFECTED BLOOD

as well as healthy controls. These libraries have been characterised and used
successfully in different studies (Jensen et al., 2006; Dupré et al., 2008). The bovine
sequences on the BOV20K array represent a variety of tissues in health and disease
and we believed that they would provide an accurate representation of the bovine
transcriptome. To increase the probability of detecting ovine sequences relevant to
scrapie infection, an ovine cDNA library from brain and spleen of scrapie-infected
Cheviot sheep and mock-infected controls was constructed by Dr A. Gossner and
Prof. J. Hopkins and the sequences were added to the BOV20K array (Gossner and
Hopkins, 2008).
As the aim of the experiment was to identify differentially expressed genes that could
eventually be used for the development of a diagnostic test, blood was chosen as it is
easily accessible and would facilitate high throughput screening in animals, as well
as being a non-invasive option for possible human diagnostics and blood transfusion
screening. Blood is relevant to TSE pathogenesis as it is known to harbour infectivity
in ovine scrapie (Houston et al., 2000), ovine BSE (Sisó et al., 2006), CWD
(Mathiason et al., 2006), and vCJD in humans (Llewelyn et al., 2004; Peden et al.,
2004; Wroe et al., 2006). Blood is thought to play a role in dissemination of the
infectious agent throughout the body (Jeffrey and González, 2007). We expected to
see changes in blood relating to these events. Moreover, as lymphocytes from blood
circulate to the PNS and peripheral lymphoid organs, where they could come into
contact with PrPSc, we hypothesised that it would be possible to detect diseaserelated gene expression changes in blood lymphocytes.
Blood samples were available from New Zealand-derived Cheviot sheep from the
DEFRA breeding flock of the VRQ/VRQ, VRQ/ARR, and ARR/ARR genotypes,
experimentally infected with scrapie strain SSBP/1 and sacrificed at different timepoints post inoculation (Hunter et al., 2009).
For logistic reasons, it was not possible to perform microarray experiments for all
three sheep genotypes available, therefore the VRQ/VRQ genotype was selected. As
these animals have widespread PrPSc accumulation in the periphery, we hypothesised
that any changes in gene expression related to PrPSc deposition would be more easily

142

CHAPTER 4

EXPRESSION ANALYSIS OF SCRAPIE-INFECTED BLOOD

detectable in the VRQ/VRQ animals. Moreover, as these animals have reduced
incubation times, I hypothesised that changes in expression related to disease
progression would be evident in earlier time-points. The aim of the experiment was
to identify groups of genes having altered expression between SSBP/1-infected and
mock-infected animals early in the infection, before clinical disease symptoms.
Buffy coat samples from VRQ/VRQ animals were available at six time-points post
infection (10, 25, 50, 75, 100, and 125 d.p.i.). We elected to focus on three timepoints spanning different stages in the progress of infection. The progress of
infection was ascertained by histopathology for the detection of PrPSc deposition with
the antibodies BG4 (N-terminal epitope) and R145 (C-terminal epitope), carried out
by staff at NPU (Hunter et al., 2009). The first site where PrPSc deposition was
evident in VRQ/VRQ sheep was the PSLN, the draining lymph node at the site of
injection, at 25 d.p.i. By 75 d.p.i., there was widespread peripheral PrPSc
accumulation, with all three infected animals staining positive for PrPSc accumulation
in the PSLN, one animal staining positive for PrPSc in the tonsil and two animals
staining positive for PrPSc in the spleen for the first time.

Finally, PrPSc was

detectable in the thalamus and medulla at 125 d.p.i. It was therefore decided to use
buffy coat from 25, 75 and 125 d.p.i. as these time points corresponded to early,
intermediate and late infection.

Three SSBP/1-infected and two mock-infected

samples were available for each time-point, giving a total of 15 samples. All samples
used in this experiment are summarised in Table 4.3. All three time-points chosen
preceded the appearance of clinical symptoms, which happened at 193 ± 12 d.p.i. for
these animals (Hunter et al., 2009). It was hypothesised that later time-points, where
increased brain pathology is evident, might yield less specific results, as gene
expression could correspond to the effect of brain inflammation. This might mean
that similar effects could be seen with other neurological diseases and would
therefore not be specific as TSE markers.
The microarray study was intended as an initial large-scale screen, to establish a
number of candidate genes. We planned to validate the findings with real-time RT
PCR. Once a set of candidate genes with confirmed differences in expression was

143

CHAPTER 4

EXPRESSION ANALYSIS OF SCRAPIE-INFECTED BLOOD

established in the VRQ/VRQ animals, we proposed to assess their expression in all
other time-points and genotypes.
4.1 Experimental design
125 d.p.i

A.

75 d.p.i

B.

K289

K300

K345

K349

K324

K308

K328

K359

.

K331

K362

.
25 d.p.i

C.

K321

K358

K309

K285

K336

Figure 4.1. Schematic representation of the experimental design for the buffy coat
microarray hybridisations. The scrapie-infected samples are represented in blue and the
mock infected control samples are represented in pink. An arrow joining two samples
indicates that aRNAs from those samples were hybridised together on a microarray slide.
The sample at the base of the arrow was labelled with Cy3 (green) dye and the sample at the
point of the arrow was labelled with Cy5 (red) dye. A. Experimental design for the 125 d.p.i
time-point. B. Experimental design for the 75 d.p.i. time-point. C. Experimental design for
the 25 d.p.i. time-point.

After consultation with statistician Dr. J. Sales (BiOSS) as to the optimal
experimental design offering maximum power for the comparison between scrapieinfected and mock-infected sheep, an interwoven-loop design was decided (Figure
4.1). No comparisons were made between samples from different time-points, since
it was beyond the scope of the experiment to ascertain disease progression over time.
As this experimental design allowed for case-control, case-case and control-control
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comparisons, it was possible to ascertain the normal between-case and betweencontrol variation, in order to more accurately identify true case-control differences.
The comparisons were randomised and the final randomised design is shown in
Appendix 1, Table 1.
In order to ascertain dye bias, i.e. preferential labelling by one dye leading to
spurious results, the experiments were repeated with the inverse labelling (dye-swap
experiment). The randomised design was maintained, as described on Appendix 1,
Table 2. As well as ascertaining dye bias, this experiment provided us with
experimental replicates and increased statistical power.
4.2 RNA extraction, quantification and quality control.
RNA was extracted from buffy coat samples from VRQ/VRQ sheep as described in
Section 2.3.1. The samples used in the microarray experiments are summarised in
Table 4.1. Three SSBP/1-infected and two mock-infected samples were available at
each time-point, giving a total of fifteen samples. The extracted RNA was DNasetreated as described in Section 2.3.4 and quantified as described in Section 2.3.5. The
quantification results are summarised in Table 4.2. All samples yielded comparable
amounts of RNA (402±75 ng/ml). The A260/A280 ratios were in the desired range of
1.8-2.2, indicating that the samples had high purity. The A260/A230 of most sample
was in the desired range of 2.0-2.4 (1.97±0.4), indicating absence of organic
contamination. Sample K331 (BC372) had a low ratio (0.65) indicating organic
contamination, however this did not compromise subsequent experimental
procedures. The quality of the extracted RNA was also assessed using the Agilent
Bioanalyser with the Nano chip, as described in section 2.3.6. The RIN numbers for
each RNA sample used in the microarray experiments are presented in table 4.3
below. It is generally recommended for microarray experiments to use RNA with
RIN numbers greater than 6. All the RNA samples used in this experiment had RIN
numbers greater than 8.7.
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Table 4.1 A summary of the buffy coat samples used in the microarray experiments.
d.p.i.

SSBP/1- infected

Mock-infected

25

K321(BC080)
K309 (BC091)

K336 (BC106)
K285 (BC118)

K358 (BC100)
75

K289 (BC364)

K328 (BC391)

K331 (BC372)

K362 (BC396)

K349 (BC380)
125

K300 (BC604)

K308 (BC627)

K324 (BC612)

K359 (BC636)

K345 (BC622)
Table 4.2 RNA quantification results using the Nanodrop spectrophotometer.
Sample ID

Concentration (ng/µl)

A260/A280

A260/A230

K321(BC080)

344.99

2.01

2.15

K309 (BC091)

395.00

1.94

2.33

K358 (BC100)

492.51

2.00

2.35

K336 (BC106)

380.16

2.01

2.14

K285 (BC118)

334.25

1.82

2.00

K289 (BC364)

459.23

1.94

2.00

K331 (BC372)

363.92

2.03

0.65

K349 (BC380)

370.50

2.06

1.62

K328 (BC391)

474.77

1.92

2.08

K362 (BC396)

533.91

1.99

2.20

K300 (BC604)

420.49

1.97

2.29

K324 (BC612)

237.07

1.93

2.18

K345 (BC622)

428.82

2.03

2.12

K308 (BC627)

453.13

1.89

1.61

K359 (BC636)

347.57

2.00

1.77

The results for each sample are shown as concentration in ng / µl, A260/A280 ratio indicating
purity (ratios were in the desired range of 1.8-2.2) and A260/A230 ratio indicating
presence/absence of organic contamination (sample K331 (BC372) had a low ratio indicating
possible organic contamination however this did not compromise subsequent experimental
procedures).
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Table 4.3 Total RNA integrity assessment results using the RIN numbers provided by
the Agilent® software.
Sample ID

RIN number

K321(BC080)

9.8

K309 (BC091)

9.5

K358 (BC100)

N/A

K336 (BC106)

9.8

K285 (BC118)

8.9

K289 (BC364)

10

K331 (BC372)

8.7

K349 (BC380)

9.5

K328 (BC391)

9.9

K362 (BC396)

9.5

K300 (BC604)

9.5

K324 (BC612)

9.5

K345 (BC622)

9.7

K308 (BC627)

9.6

K359 (BC636)

9.6

The RIN number denotes the integrity of the RNA sample, from 1 (lowest integrity) to 10
(highest integrity). All samples used in this experiment had RIN numbers greater that 8.7,
and 12/15 samples had a RIN number greater than or equal to 9.5. Sample K358 (BC100)
did not have a RIN number, because of an anomaly in the fast region of the
electropherogram. However, as the ribosomal ratio of the sample was within the acceptable
limits and its trace revealed no evidence of contamination or degradation, it was not
excluded from the experiment.
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4.3 In vitro transcription for RNA amplification

Figure 4.2 Electropherogram of aRNA (Agilent Bioanalyser RNA Nano Chip). RNA
amplification has been successful. aRNA molecules of various sizes are present as can be
seen from the variable electrophoretic migration times giving rise to a bell shaped curve.
There is no evidence of ribosomal RNA contamination which would be visible as 18S or 22S
peaks. Moreover, there is no evidence of preferential amplification artefacts which would be
evident as sharp, distinct peaks in the curve.

A 1µg aliquot of total RNA from each sample was amplified using the MessageAmp
aRNA Kit (Ambion #1750) as described in section 2.11.2. Reverse transcription of
mRNA was carried out with an oligo(dT) primer bearing a T7 promoter. The
resulting cDNA was In vitro transcribed with T7 polymerase to generate multiple
antisense RNA (aRNA) copies of each mRNA molecule in the sample. The aRNA
was quantified using the Nanodrop spectrophotometer (Section 2.3.5.2). The results
are summarised in Table 4.4. All samples had A260/A280 ratios greater than 2.0,
indicating increased purity. The A260/A230 ratios were lower than those of the
extracted RNA (1.58± 0.2), however ratios in these range have been shown to not be
detrimental to downstream applications and therefore were still deemed acceptable
(Imbeaud et al., 2005). Moreover, aRNA quality was analysed by running 1 μl of
each purified aRNA sample on an Agilent Bioanalyser RNA Nano Chip as described
in section 2.3.6. A typical Agilent result is shown in Figure 4.2 (all aRNA Agilent
results can be found in the appended DVD).
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Table 4.4 aRNA quantification results using the Nanodrop spectrophotometer.
Sample ID

Concentration (ng/µl)

A260/A280

A260/A230

K300 (BC604)

372.10

2.38

1.81

K324 (BC612)

312.24

2.39

1.24

K345 (BC622)

543.44

2.04

1.57

K308 (BC627)

353.19

2.52

1.72

K359 (BC636)

702.35

2.19

1.92

K289 (BC364)

441.11

2.42

1.64

K331 (BC372)

481.28

2.38

1.45

K349 (BC380)

382.42

2.46

1.84

K328 (BC391)

968.11

2.03

1.71

K362 (BC396)

162.93

2.25

1.11

K321(BC080)

311.77

2.61

1.13

K309 (BC091)

242.67

2.36

1.58

K358 (BC100)

425.96

2.31

1.94

K336 (BC106)

279.84

2.35

1.36

K285 (BC118)

593.56

2.01

1.68

The results for each sample are shown as concentration in ng / µl, A260/A280 ratio indicating
purity and A260/A230 ratio indicating presence/absence of carbohydrate contamination.

4.4 aRNA fluorescent labelling and quality control
A 1.2 μg aliquot of aaUTP aRNA per reaction was labelled with the appropriate Cy
dye as described in Section 2.11.3. As mentioned in section 4.1, each sample was
labelled 4 times, 2 times with Cy3 and 2 times with Cy5. This was repeated for the
purposes of the dye swap experiment, giving a total of 8 labelled reactions per
sample, 4 labelled with Cy3 and 4 labelled with Cy5. The labelled aRNA reactions
were purified to remove unincorporated dye, as described in section 2.11.4. The
quality of the labelling reaction was assessed as described in section 2.11.5. Labelled
aRNA yield was assessed using the Nanodrop ND-1000 spectrophotometer. UV
absorbance was measured for the wavelengths of the two Cy dyes and the
concentration of labelled molecules was calculated in pmol/μl. The results are given
in Table 4.5. All samples were successfully labelled, with comparable efficiencies.
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Table 4.5 Labelled
spectrophotometer.

aRNA

Sample ID
K300(BC604)

K324(BC612)

K345(BC622)

K308(BC627)

K359(BC636)

K289(BC364)

quantification

Reaction Concentration
(ng/µl)
1
60.68
2
73.62
3
64.14
4
60.60
5
152.45
6
131.58
7
56.72
8
66.89
9
86.64
10
77.03
11
71.43
12
84.78
13
111.91
14
129.83
15
66.59
16
72.86
17
34.64
18
66.47
19
45.03
20
50.20
21
79.43
22
70.73
23
55.61
24
48.43
25
93.31
26
66.76
27
72.06
28
51.51
29
109.52
30
80.43
31
64.05
32
58.23
33
75.69
34
86.23
35
49.54
36
43.57
37
50.85
38
55.71
39
61.00
40
71.27
41
84.91
42
98.99
43
50.17
44
76.69
45
63.56

results

using

the

Nanodrop

pmol/ µl Cy3 pmol/ µl Cy5 A260/A280
4.2630
5.4970
4.5818
4.8390
0
0
0
0
8.6030
3.4886
5.9795
5.0128
0
0
0
0
3.7433
7.9044
2.6012
4.0369
0
0
0
0
9.3496
5.5389
6.4970
5.2244
0
0
0
0
3.7869
3.4631
4.4257
4.2934
0
0
0
0
7.5625
4.4540
4.1935
5.4307
0
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0
0
0
0
3.4777
3.0499
3.3312
3.7710
0
0
0
0
3.0499
3.9254
3.1227
4.1458
0
0
0
0
3.9254
3.9997
3.7169
2.7549
0
0
0
0
4.3334
3.5629
0
0
0
0
3.9392
2.7748
3.4867
4.0728
0
0
0
0
3.6850

1.9320
1.8938
2.0175
2.0979
1.5102
1.5612
2.0653
2.2148
1.9591
1.7621
2.0999
1.9101
1.6626
1.6381
1.9747
2.0558
1.9487
1.8521
1.7658
1.8499
1.6510
1.7095
1.9344
1.8982
1.9788
1.8929
2.0272
2.0179
1.6657
1.8621
2.0285
2.2023
1.7359
1.6771
2.0681
2.1739
1.9798
2.0698
2.0919
2.1171
1.9665
1.7296
2.1330
1.9673
1.8148
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K331(BC372)

K349(BC380)

K328 BC391)

K362(BC396)

K321(BC080)

K309(BC091)
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Reaction Concentration
(ng/µl)
46
74.04
47
54.25
48
51.96
49
102.28
50
89.02
51
65.59
52
55.21
53
62.99
54
59.08
55
58.29
56
55.80
57
96.89
58
121.98
59
42.68
60
44.32
61
51.58
62
62.67
63
61.73
64
65.23
65
73.21
66
75.78
67
39.76
68
32.48
69
42.33
70
38.47
71
39.86
72
43.24
73
78.18
74
70.73
75
55.43
76
74.48
77
115.16
78
103.33
79
66.78
80
69.64
81
61.61
82
69.46
83
65.63
84
52.64
85
62.36
86
58.16
87
56.18
88
56.36
89
72.55
90
77.36
91
48.92
92
64.15
93
128.36
94
49.26

pmol/ µl Cy3 pmol/ µl Cy5 A260/A280
0
0
0
3.8532
4.4796
5.6208
4.4029
0
0
0
0
4.8597
6.0215
4.3981
3.9415
0
0
0
0
4.7317
7.7979
3.1809
3.5540
0
0
0
0
5.8254
5.2265
4.2255
4.5901
0
0
0
0
4.2319
4.7532
2.9664
3.5364
0
0
0
0
3.3942
4.2588
4.3366
4.6901
0
0

151

5.3150
2.7476
2.8437
0
0
0
0
4.8034
3.7730
3.3285
3.4161
0
0
0
0
4.4161
4.3325
3.8258
3.6465
0
0
0
0
4.2327
2.8184
2.9166
3.1050
0
0
0
0
3.3159
3.2705
3.1212
4.0815
0
0
0
0
2.7071
2.9011
2.7279
2.8516
0
0
0
0
2.6465
2.7140

2.0367
2.1194
2.0431
1.7182
1.7342
1.9839
2.0779
1.9082
1.9101
2.1364
2.0673
1.7623
1.7246
2.0721
1.9686
2.0105
1.9499
2.1565
2.0361
1.6025
1.7409
1.8019
1.9100
2.0001
1.9737
1.9234
2.0834
1.8377
1.8798
2.0050
1.9313
1.5791
1.6108
2.0664
2.1245
1.8798
1.8005
1.8570
1.9006
1.9410
2.0059
2.1689
2.1596
1.8089
1.8083
2.1237
1.8738
1.5248
2.1799
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K358(BC100)

K336(BC106)

K285(BC118)

EXPRESSION ANALYSIS OF SCRAPIE-INFECTED BLOOD
Reaction Concentration
(ng/µl)
95
52.61
96
54.26
97
53.02
98
53.28
99
33.61
100
46.23
101
110.04
102
101.30
103
69.80
104
60.94
105
63.45
106
57.79
107
68.43
108
41.92
109
88.13
110
141.65
111
55.44
112
64.15
113
37.29
114
73.62
115
31.18
116
32.85
117
117.98
118
37.52
119
53.00
120
46.53

pmol/ µl Cy3 pmol/ µl Cy5 A260/A280
0
0
6.7610
3.0016
2.6207
4.1843
0
0
0
0
5.6569
4.8370
8.8853
4.1160
0
0
0
0
2.6701
2.5463
4.4386
4.6967
0
0
0
0

2.1738
2.7105
0
0
0
0
3.1095
2.9854
3.5575
4.1249
0
0
0
0
3.6003
3.0005
3.3486
3.8007
0
0
0
0
2.7341
3.2080
3.2143
3.8118

2.0428
2.2162
1.9795
1.8775
2.0751
2.0099
1.6004
1.5729
2.0791
2.2139
1.9359
1.9723
2.0237
2.1692
1.6944
1.4755
2.2667
2.1487
1.6579
1.5592
1.9019
2.0064
1.4898
2.0217
1.9583
2.1398

The results for each sample are shown as concentration in ng/ µl, concentration of labelled
molecules in pmol / µl for Cy3, concentration of labelled molecules in pmol/ µl for Cy5, and
A260/A280 ratio indicating purity.
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4.5 Microarray hybridisation and image quantification
The experiment was performed in two stages. Experiment 1 comprised slides 1-30
and experiment 2 comprised slides 31-60, or the dye-swap. Microarray hybridisation
was performed as described in Section 2.11.6. The slides were scanned in batches of
30 using a Genepix Autoloader 4200AL Microarray Scanner (Molecular Devices) as
described in section 2.11.7. The scanned images were then quantified using the
Bluefuse software as described in section 2.11.8. The raw Bluefuse output data files
are available on the appended DVD. There was widespread variation in the quality of
the hybridised slides, with as many between 50% and 70% of spots on all arrays
being uninformative. The percentages of A-E flagged spots for each array are listed
in Appendix 1, Table 3.
There was evidence of printing artefacts, affecting spot size and morphology (Figure
4.3, Figure 4.4). These included spots of larger than expected diameter (Figure 4.4,
box A), smaller than expected diameter (Figure 4.3 and Figure 4.4, box D), “merged”
spots (Figure 4.4, Box B), and spots with evidence of “doughnuting” (insufficient
amount of probe printed inside the spot, giving rise to a dark area in its centre)
(Figure 4.3 and Figure 4.4, Box C). These artefacts were seen on slides with low
background (Figure 4.3) and high background (Figure 4.4), showing that they were
not related to hybridisation effects. They were also seen on all slides regardless of the
sample hybridised on the slide, showing that they were not related to particular gene
expression profiles.
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A.

D.

C.

B.

Flag

A

B

C

D

E

Spots

1.2 %

8.4 %

36.7 %

27.8 %

25.9 %

Figure 4.3 Spot morphology on a good quality slide. The top panel shows a close-up of a
region on the array (whole array image shown in the middle panel). Box A shows a spot with
evidence or “ringing” (dark circle around the edge). Box B shows two good quality spots.
Box C shows a spot with evidence of “doughnuting” (dark circle in the middle). Box D
shows a spot of small circumference. The spot quality as measured by the Bluefuse-assigned
quality flags is visually represented in the bottom panel for the same slide. Spots are colourcoded depending on their confidence flag. The percentage of spots of the array belonging to
each of the confidence flags is also listed (A=best, E=worst).
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A.

D.

C.

B.

Flag

A

B

C

D

E

Spots

0.5 %

5.3 %

20.4 %

24.4 %

49.5 %

Figure 4.4 Spot morphology on a poor quality slide. The top panel shows a close-up of a
region on the array (whole array image shown in the middle panel). The close-up region and
highlighted spots are identical to those presented in Figure 4.3. Box A shows a spot with
larger than normal circumference, and a dark circle in its centre, which could be caused by
missing probe during printing (“doughnuting”) or deposition of a contaminating particle
(dust, debris) by an unclean print-tip. Box B shows two merged spots. Box C shows a spot
with evidence of “doughnuting”. Box D shows a spot of small circumference. The spot
quality as measured by the Bluefuse-assigned quality flags is visually represented in the
bottom panel for the same slide. Spots are colour-coded depending on their confidence flag.
The percentage of spots of the array belonging to each of the confidence flags is also listed.
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4.6 Statistical analysis using LIMMA Bioconductor
The raw microarray data were imported into R version 2.0 and analysed as described
in Section 2.12. MA plots were produced on the raw data for each chip. An example
MA plot is shown in Figure 4.5. A bias towards Cy5 was observed at lower
intensities, whereas at higher intensities the bias shifted towards Cy3. The shape of
MA plots was largely consistent between arrays.
Image plots of Cy3 and Cy5 log2 intensities versus spot position were produced for
each chip to visualise any printing or hybridisation artefacts giving rise to spatial
variation of background. Example Cy5 and Cy3 image plots are given in Figure 4.6.
Spatial effects were prominent on all slides.
Print-tip Loess normalisation, weighted for spot confidence and excluding blank
spots and landing lights, was performed for each array. An example Print-Tip Loess
MA plot, pre- and post-normalisation, is given in Figure 4.7. The normalisation
appeared successful in reducing the dye-bias, giving rise to a more linear scatter on
the post-normalisation MA plots.
A box plot of all the M values, pre- and post-normalisation, of the 125 d.p.i set of
arrays is provided in Figure 4.8. The normalisation was successful in aligning the
arrays so that the scale was comparable, and no further normalisation was required.
Gene expression levels were compared between SSBP/1-infected animals (D) and
mock-infected controls (C) at each time point. The comparison was repeated for the
dye-swap experiments, giving a total of six D-C comparisons. No differential
expression was observed in any of the comparisons after correction for false
discovery rate at 5 %. A comparison of gene expression between the two control
samples was also performed for each time point and dye-swap.

Again, no

differential expression was observed in any of the comparisons after correction for
false discovery rate at 5 %.
A visual representation of the D-C and C-C comparisons in the form of Q-Q plots are
provided in Figures 4.9 and 4.10. There is no evidence of differential expression. The
top 10 results for each comparison are provided in Tables 4.6 and 4.7. Again there is
no differential expression after correcting for multiple testing at the false discovery
rate of 5%.
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Figure 4.5 MA plot of non normalised buffy coat microarray. This array shows a trend
from Cy5 (red) bias at low intensities to Cy3 (green) bias at high intensities. A cluster of
high intensity spots with a very strong Cy3 bias (circled) are identified as the landing lights
(Cy3-only spots used as guides for grid alignment during image processing), indicating that
the array is behaving as expected.
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A.Cy5 imageplot

B. Cy3 imageplot

Figure 4.6 Imageplot of spatial variation of background for a buffy coat microarray a.
Cy5 b. Cy3 A hybridisation effect is evident as a curve of lower intensity spots spanning the
middle of the slide seen with both dyes. This effect was reduced through normalisation
(Figure 4.7)
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B.

Figure 4.7 Print-tip loess normalisation MA plot for a buffy coat array. All intensities
on each sub array were fitted to a regression line (in red) so that spatial effects and dye
biases were reduced. The slope and shape of the curves is broadly consistent between printtip groups. Pannel A. shows the MA plots pre-normalisation, and panel B. shows the MA
plots for the same slide post-normalisation. The post-normalisation MA plots are more linear
than the pre-normalisation plots, showing that dye-bias effects have been reduced by printtip loess normalisation.
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A. Pre-normalisation M values

B. Post-normalisation M values

Figure 4.8 Box-plot of M values, pre- and post-normalisation, of the 125 d.p.i set of
arrays. Arrays 11-20 are dye swaps of arrays 1-10.The effect of print-tip loess normalisation
is evident as, post-normalisation, all array M value medians are aligned. The spread of M
values between arrays was deemed to be reasonably consistent.
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A

B

C
D

E

F

Figure 4.9 Quantile-quantile plot of D-C comparison A.125 d.p.i B.125 d.p.i dye swap
C.75 d.p.i D.75 d.p.i dye swap E. 25 d.p.i F. 25 d.p.i dye swap. There are no substantial
deviations from linearity, indicating a lack a differential expression.

161

CHAPTER 4

EXPRESSION ANALYSIS OF SCRAPIE-INFECTED BLOOD

A

B

C

D

E

F

Figure 4.10 Quantile-quantile plot of C-C comparison A.125 d.p.i B.125 d.p.i dye swap
C.75 d.p.i D.75 d.p.i dye swap E. 25 d.p.i F. 25 d.p.i dye swap. There are no substantial
deviations from linearity, indicating a lack a differential expression.
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Table 4.6 Top-10 spots showing differential expression between scrapie-infected and
mock-infected animals. The spots are listed based on increasing adjusted P-value. The
Name column indicates the spot’s clone number and the ID indicates the unique gene ID.
The logFC column indicates the log2 fold change. The P-Value column indicates the
estimated probability of the difference arising by chance. The adjusted P-value is the
modified probability after adjusting for false discovery rate of 5%.

Name
C0008559G23
C0008550E4
C0008758J20
RZPDp1056A064Q
C0008758G13
C0008550N14
C0008549D13
C0008757M13
C0001982b9
C0008560C8

125 d.p.i D-C comparison
ID
logFC
TLR-8
0.9856981
C0008210E19
0.5449829
C0008175M11
-0.7751785
C0006331B5
0.9060471
C0003185K14
0.8056928
C0006019j22
-0.8772678
C0008167A8
-0.94782
CO873973
-0.7264255
C0003148G10
-0.8684327
C0005922P1
-0.7645637
125 d.p.i D-C comparison
Dye-swap
ID
logFC
C0008180N2
-0.9872823
C0008202O18
0.8198757
CO884598
0.728414
C0008175L3
1.352137
CO890689
-0.5206558
C0008211H22
-0.7996173
C0008187A10
-0.6399985
C0006323L21
-0.5358166
C0006333N2
0.6373177
CO875358
0.7739978
75 d.p.i D-C comparison
ID
logFC
C0008175I16
-1.3527936
C0006342G9
0.8580743
C0008561D14
-0.7754892
CO885526
-0.8605861
C0008560H7
0.5733828
C0006343N19
0.7508695
C0006334C19
0.6934713
C0008589H10
0.6933136
C0006013b09
-0.7137449
C0008179P9
0.632247

Name
C0008550E4
C0008758G13
C0008560E9
C0008655C4

75 d.p.i D-C comparison
Dye-swap
ID
logFC
C0006342G9
1.0314709
C0008560H7
0.6273134
C0008180N2
1.0167129
C0005600A20
-0.4934375

Name
S0000049E10
C0008571G6
C0008559H14
C0008548B7
C0008576E17
C0001988j22
C0008558C23
RZPDp1056L1456Q
C0008600J2
C0008655B9
Name
C0008560E9
C0008608L23
RZPDp1056N1118Q
C0008559H9
RZPDp1056D0139Q
C0008571J10
C0008560E21
C0008549K8
C0008549B16
RZPDp1056B1454Q
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P-value
0.0008858
0.0046972
0.0051179
0.0049751
0.0181211
0.0088407
0.0110901
0.0068883
0.006712
0.0181683

adj.P.Val
0.9997334
0.9997334
0.9997334
0.9997334
0.9997334
0.9997334
0.9997334
0.9997334
0.9997334
0.9997334

P-value
0.000311125
0.000722937
0.002900969
0.00335173
0.007381259
0.003316883
0.009283995
0.011362335
0.013086733
0.002776586

adj.P.Val
0.9998836
0.9998836
0.9998836
0.9998836
0.9998836
0.9998836
0.9998836
0.9998836
0.9998836
0.9998836

P-value
1.94E-05
2.66E-03
2.79E-03
2.26E-03
5.41E-03
4.99E-03
4.43E-03
4.20E-03
7.95E-03
5.46E-03

adj.P.Val
0.2697091
0.9999813
0.9999813
0.9999813
0.9999813
0.9999813
0.9999813
0.9999813
0.9999813
0.9999813

P-value
0.000152637
0.000757374
0.00279243
0.003614182

adj.P.Val
0.9997673
0.9997673
0.9997673
0.9997673
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Name
RZPDp1056F0553Q
RZPDp1056C0237Q
C0008757I4
C0008571G9
C0008560C20
RZPDp1056C0349Q

ID
logFC
CO873758
-1.0690847
CO892280
-0.6335817
C0008581B18
-0.5863323
C0008210E24
0.610385
C0008180C1
-0.9570606
CO894926
-0.7357083
25 d.p.i D-C comparison
ID
logFC
C0007348K11
-1.5052003
C0005922P1
-1.460867
C0008580E21
0.8609215
CO879966
0.7638505
C0005922P1
-1.2488534
C0007346I24
0.721744
C0008210J7
-1.0151919
C0007347F19
0.8461333
C0008170F7
-0.6367608
C0007348K11
-1.2747888
25 d.p.i D-C comparison
Dye-swap
ID
logFC
C0008209O11
-0.5124858
C0008178G3
0.6838612
C0005922P1
-1.0094127
RC_2BOV_135D4 -0.7891661

P-value
0.004615665
0.000997145
0.007861603
0.00461316
0.008581915
0.002537994

adj.P.Val
0.9997673
0.9997673
0.9997673
0.9997673
0.9997673
0.9997673

P-value
1.04E-05
7.67E-05
1.98E-04
6.32E-04
2.50E-04
7.08E-04
7.57E-04
9.66E-04
1.37E-03
8.10E-04

adj.P.Val
0.1335066
0.4938112
0.6425926
0.9990961
0.6449253
0.9990961
0.9990961
0.9990961
0.9990961
0.9990961

P-value
0.003748354
0.003941877
0.004865557
0.00589035

adj.P.Val
0.9999253
0.9999253
0.9999253
0.9999253

C0005930P21
CO883507
C0007348K11
C0006341L6
CO883715
C0007347P7

0.006002297
0.002582336
0.005168321
0.004823325
0.009129942
0.007554127

0.9999253
0.9999253
0.9999253
0.9999253
0.9999253
0.9999253

Name
C0008551P10
C0008655B9
C0008757G24
RZPDp1056G2423Q
C0008655B9
C0008551B19
C0008571H7
C0008551G21
C0008558K24
C0008551P10
Name
C0008571F6
C0008559P8
C0008655B9
MARC_2BOV_135D4
MA
C0008655D17
RZPDp1056B0517Q
C0008551P10
C0008549P11
RZPDp1056E226Q
C0008551L16

0.6010718
0.4892573
-0.5447756
0.3882146
0.3979157
0.3670012
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Table 4.7 Top-10 spots showing differential expression between mock-infected animals.
The spots are listed based on increasing adjusted P-value. The Name column indicates the
spot’s clone number and the ID indicates the unique gene ID. The logFC column indicates
the log2 fold change. The P-Value column indicates the estimated probability of the
difference arising by chance. The adjusted P-value is the modified probability after adjusting
for false discovery rate of 5%.

Name
S0000049E10
C0008571G6
C0008559H14
C0008548B7
C0008576E17
C0001988j22
C0008558C23
RZPDp1056L1456Q
C0008600J2
C0008655B9
Name
RZPDp1056K1352Q
C0008558F24
C0008549K8
C0008560E9
C0008558C23
C0008558C23
C0008554I10
C0008575E6
C0008560M22
C0008561F6
Name
C0008655B9
C0008575N13
C0008549D13
C0008758G13
RZPDp1056F0952Q
C0008551N12
RZPDp1056B0756Q
GosnerA11
MARC_1BOV_99
C0008550K12
Name
C0008560E9
C0008550K12
C0008758G13
8552_8616A20

125 d.p.i C-C comparison
ID
logFC
TLR-8
0.9856981
C0008210E19
0.5449829
C0008175M11
-0.7751785
C0006331B5
0.9060471
C0003185K14
0.8056928
C0006019j22
-0.8772678
C0008167A8
-0.94782
CO873973
-0.7264255
C0003148G10
-0.8684327
C0005922P1
-0.7645637
125 d.p.i D-C comparison
Dye swap
ID
logFC
CO875137
1.5541876
C0008168E23
2.1228199
C0006323L21
-1.0850105
C0008180N2
-1.2084452
C0008167A8
2.4697688
C0008167A8
2.3402531
C0008451P6
1.9675375
C0003159N2
1.841847
C0008192P2
-1.1880998
C0008197E6
1.3229197
75 d.p.i D-C comparison
ID
logFC
C0005922P1
1.9384388
C0003176F19
1.2157669
C0006334C19
1.710873
C0008560H7
1.1865296
CO877716
2.1880598
C0007348D21
-1.1488192
CO873042
2.1361066
HBB
-1.5911246
MARC_1BOV_99
1.8153389
A4
C0006343H11
1.307455
75 d.p.i D-C comparison
Dye-swap
ID
logFC
C0008180N2
2.1229442
C0006343H11
1.4485642
C0008560H7
1.0647707
C0008552A20
0.8672328
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P-value
0.000885813
0.00469721
0.005117878
0.004975061
0.018121145
0.008840671
0.011090107
0.006888337
0.006711993
0.018168274

adj.P.Val
0.9997334
0.9997334
0.9997334
0.9997334
0.9997334
0.9997334
0.9997334
0.9997334
0.9997334
0.9997334

P-value
0.000378132
0.00126617
0.001551986
0.002553847
0.001352107
0.00057147
0.001142297
0.001440116
0.003001332
0.002193639

adj.P.Val
0.9999298
0.9999298
0.9999298
0.9999298
0.9999298
0.9999298
0.9999298
0.9999298
0.9999298
0.9999298

P-value
1.94E-05
2.66E-03
2.79E-03
2.26E-03
5.41E-03
4.99E-03
4.43E-03
4.20E-03
7.95E-03

adj.P.Val
0.2697091
0.9999813
0.9999813
0.9999813
0.9999813
0.9999813
0.9999813
0.9999813
0.9999813

5.46E-03

0.9999813

P-value
0.000271087
0.000349787
0.000468718
0.001467448

adj.P.Val
0.9999534
0.9999534
0.9999534
0.9999534
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Name
C0008560E9
C0008548P11
8552_8616A20
C0008549D13
C0008758G13
C0008571J10

ID
logFC
C0008180N2
2.2659573
C0006333I10
1.1915025
C0008552A20
0.850317
C0006334C19
1.3971481
C0008560H7
1.4571779
C0008211H22
1.5051408
25 d.p.i D-C comparison
ID
logFC
C0008561H7
1.9741025
C0006330J18
1.3584042
CO879966
-1.2539133
C0006343G22
1.4018144
C0006328O23
1.1373095
C0006333O3
-1.5210428
C0006342M13
-1.3154984
C0003176F19
1.7070584
CO875806
1.3738598
C0006342M13
-1.2906699
25 d.p.i D-C comparison
Dye-swap
ID
logFC
CO886908
1.3992586
C0007347N9
-0.7968473
C0008187A10
1.2604222
CO881161
1.3648164
CO896719
-1.4411009
CO890202
-0.9342234
CO877415
1.2204829
CO877994
-1.0401982
C0003163C14
1.3268089
C0008172N13
1.335046

Name
C0008758K21
C0008547D6
RZPDp1056G2423Q
C0008550K8
C0008547L13
C0008549C6
C0008550G3
C0008575N13
RZPDp1056A1859Q
C0008550G3
Name
RZPDp1056D2028Q
C0008551K16
C0008560E21
RZPDp1056A1628Q
RZPDp1056M131Q
RZPDp1056P1441Q
RZPDp1056P0955Q
RZPDp1056J1724Q
C0008575F21
C0008559B6
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P-value
0.001371436
0.001145484
0.002451295
0.000309333
0.001967158
0.002119778

adj.P.Val
0.9999534
0.9999534
0.9999534
0.9999534
0.9999534
0.9999534

P-value
1.49E-05
2.64E-04
3.74E-04
2.55E-04
8.38E-04
4.97E-04
2.04E-03
9.21E-04
7.06E-04
2.95E-03

adj.P.Val
0.1917054
0.6809663
0.8014778
0.6809663
0.8471281
0.8471281
0.9999106
0.8471281
0.8471281
0.9999106

P-value
0.000389788
0.001280014
0.000506809
0.00105348
0.000227076
0.002592399
0.000963666
0.000401862
0.001477691
0.000352216

adj.P.Val
0.9940447
0.9940447
0.9940447
0.9940447
0.9940447
0.9940447
0.9940447
0.9940447
0.9940447
0.9940447
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4.7 Discussion
Buffy coat RNA from SSBP/1-infected and mock-infected VRQ/VRQ sheep was
successfully extracted, amplified and hybridised onto BOV20K microarray slides.
The hypothesis of this experiment was that surrogate markers of pre-clinical scrapie
infection can be identified in sheep blood buffy coat. In this system, it was not
possible to identify differential expression trends between infected and mockinfected animals. This could signify a true lack of differential gene expression in the
buffy coat of SSBP/1-infected and mock-infected animals, or it could indicate that
this system is not sufficiently sensitive to pick up subtle changes.
Given the important role of blood in TSE disease and the evidence for differential
expression from other studies (Miele et al., 2001; Brown et al., 2007), I would expect
variation to be present in SSBP/1-infected sheep and have to conclude that this
system was unable to detect it.
A major limitation of this experiment was the variability of spot quality (as measured
by the Bluefuse confidence value) on the microarray slides. The percentage of goodquality spots (A, B and C Bluefuse confidence flags) varied between 50% in some
slides to under 30% in other slides (Appendix 1, Table 3).
This variation is not likely to have been caused by differences in the quality of
samples hybridised on each array, as the efficiency of the RNA amplification and
labelling processes were extensively quality controlled and all samples met the
quality criteria and were of comparable quality (Section 4.4). Moreover, all slides
were hybridised concurrently in an automated hybridisation station, thus minimising
variation through differing hybridisation conditions. It is therefore likely that the
variation in spot quality seen between the arrays in the experiment is an effect of
array printing.
Printing artefacts can arise from problems such as drying out of the source plates or
poor alignment of the robotic printing tips. On a commercial array such as this one,
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all slides should be quality-controlled to ensure that all features (spots) are present,
of uniform size (controlled diameter of 100 μm as specified on GAL file), with
uniform probe distribution, and of consistent quality both within and between slides.
However, in this experiment several printing artefacts were obvious throughout the
slides (Figure 4.3, Figure 4.4). These included poorly separated or “merged” spots,
spots of varying sizes (both smaller and larger than the specified 100 μm diameter),
as well as spots with uneven distribution of printed probe (giving rise to “ringing”
and “doughnutting” effects). These artefacts were consistently observed both on
slides with low background and those with high background; therefore, they were not
caused by differing hybridisation conditions. Similarly, these effects are not likely to
be associated with sample quality or varying copy numbers, as they were observed
reliably on slides with different samples hybridised on them.
As spot diameter, circularity, and uniformity are features that contribute to the
calculation of the Bluefuse confidence value, printing artefacts could have affected
data analysis in various ways. Genes hybridising to badly printed spots would have a
low Bluefuse confidence value, causing the loss of potentially meaningful
information. The number of uninformative spots was at least 50% of the total spot
number on each array, and in some cases it was as high as 70% (Appendix 1, Table
3). Of course, some spots were uninformative because of factors other than poor
printing (e.g. lack of expression of the specific gene, potential labelling or
hybridisation artefacts); however, it is very uncommon for microarray slides to have
such high percentages of D& E flagged spots. Within individual slides, printing
artefacts would have prevented potentially informative spots from affecting
normalisation, as Loess normalisation was weighted for spot confidence. Between
slides, variable spot quality could have hindered the identification of differentially
expressed genes. The eBayes method, used to compare gene expression between the
SSBP/1-infected and mock-infected animals, relies upon the replication of gene
expression measurements for each sample between arrays, and uses consistency as a
measure of confidence.
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As the array contained sequences from an SSBP/1-infected sheep spleen library, we
expected to have good coverage of genes expressed by cells such as B-cells, T-cells
and monocytes, which are also present in blood buffy coat. However, it is possible
that potentially differentially expressed genes were not represented on the array, as it
is comprised from ovine and bovine EST libraries, rather than the complete bovine/
ovine genomes. The array contains 20,000 mostly unique sequences, but the average
mammalian genome has between 20,000-30,000 expressed genes (Waterston et al.,
2002; Kirkness et al., 2003; Gibbs et al., 2004; International Human Genome
Sequencing Consortium, 2004). Progress in sheep genome sequencing should make a
comprehensive sheep genome array feasible in the near future (Dalrymple et al.,
2007).
Another factor affecting the identification of differentially expressed genes could be
the choice of normalisation method. Loess smoothing has been shown to compress
fold-change more than linear fitting (Wang et al., 2006). It is possible that the
normalisation removed real differences as well as experimental artefacts, however,
because of the poor data quality, this was impossible to ascertain.
A common problem of microarray experiments is the occurrence of high numbers of
false positive results, as a consequence of the high number of comparisons
performed, due to the large numbers of genes assessed simultaneously. We used the
Bonferroni-Hochberg correction for adjusting false discovery rate to 5%, in order to
address this problem. However, due to the poor sensitivity of the array, this could
potentially exclude real differences. Microarrays have inherent poor sensitivity
compared to other gene expression quantification techniques. A study comparing the
specificity and sensitivity of commercial one-colour and two-colour arrays using
TaqMan real-time PCR as a “ground truth” standard, estimated the sensitivity of twocolour Agilent arrays as 71% and the specificity as 50% (Wang et al., 2006). The
poor sensitivity (high numbers of false negative results) is partially explained by the
fact that statistical analysis methods tend to favour the detection of high-intensity
spots when it comes to identifying differential expression (Evans et al., 2003). This
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would be a problem in this study as many spots were low-intensity. The poor
sensitivity was further compounded by the poor quality of many spots.
Other types of microarray experiment, such as one-colour, non-competitive
hybridisation arrays, such as the commercially available Affymetrix and Applied
Biosystems arrays, do not suffer from the same printing variability problems and do
not require the same level of normalisation. Using this type of array was not an
option in this study. Moreover, even one-colour array systems suffer from limited
sensitivity, as highly abundant transcript sequences are detected more readily than
medium- or low-abundance sequences, which constitute the majority of unique
transcripts in some tissues (Evans et al., 2002).
In conclusion, the lack of differential gene expression in peripheral blood cells
between the SSBP/1-infected and mock-infected animals in this experiment is likely
to reflect the technical limitations of this system rather than a lack of biological
variability. It would be necessary to repeat this experiment using a more reliable
array platform or another technology such as large-scale mRNA sequencing
(RNAseq, available by Illumina), in order to investigate the transcriptomes of
SSBP/1-infected and mock-infected peripheral blood cells.
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5.0 Introduction
Table 5.1 Immunochemistry of VRQ/VRQ sheep challenged with SSBP/1 (Adapted from
Hunter et al., 2009)
Lymphoid tissues
DPI
10
25
50
75
100
125

Brain regions

–

Basal
ganglia
–

Frontal
Cortex
–

(–)

(–)

(–)

(–)

–

–

–

–

–

(–)

(–)

(–)

(–)

(–)

(–)

–

–

–

–

–

–

–

(1/3)

(–)

(–)

(–)

(–)

(–)

(–)

(–)

3/3

–

2/3

–

–

–

–

–

(2/3)

(1/3)

(–)

(–)

(–)

(–)

(–)

(–)

3/3

1/3

2/3

–

–

–

–

–

(1/3)

(2/3)

(–)

(–)

(–)

(–)

(–)

(–)

3/3

1/3

1/3

3/3

1/3

–

–

–

(2/3)

(3/3)

(–)

(–)

(–)

(–)

(–)

(–)

3/3

3/3

3/3

(3/3)

(3/3)

(3/3)

PSLN

Tonsil

Spleen

Medulla

Thalamus Cerebellum

–

–

–

–

–

(–)

(–)

(–)

(–)

2/3*

–

–

(2/3)

(–)

3/3

Clinical
3/3
3/3
3/3
3/3
3/3
193 ±
(3/3)
(3/3)
(3/3)
(3/3)
(3/3)
12
* number of animals staining with BG4 or (R145)
– represents 0/3

The aim of this experiment was to ascertain variation in gene expression in
peripheral tissues of sheep, namely the spleen and prescapular lymph node (PSLN)
following SSBP/1 challenge, with a view to identifying a set of candidate genes that
could be used for the development of a PCR-based diagnostic test.
SSBP/1 scrapie infection in sheep has significant peripheral involvement, with PrPSc
accumulating in peripheral lymphoid tissues before it reaches the brain.
The spleen is known to be a site of prion accumulation and replication (Fraser et al.,
1996; Brown et al., 1999), and neuroinvasion (Mabbott et al., 2000; Prinz et al.,
2003), therefore we expected to see changes in gene expression reflecting these
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Table 5.2 Immunochemistry of VRQ/ARR sheep challenged with SSBP/1 (Adapted from
Hunter et al., 2009)
Lymphoid tissues

Brain regions

–

Basal
ganglia
–

Frontal
Cortex
–

(–)

(–)

(–)

(–)

–

–

–

–

–

(–)

(–)

(–)

(–)

(–)

(–)

–

–

–

–

–

–

–

(–)

(–)

(–)

(–)

(–)

(–)

(–)

(–)

2/3

–

–

–

–

–

–

–

(–)

(–)

(–)

(–)

(–)

(–)

(–)

(–)

1/3

–

–

–

–

–

–

–

(2/3)

(–)

(–)

(–)

(–)

(–)

(–)

(–)

3/3

1/3

–

–

–

–

–

–

(1/3)

(1/3)

(–)

(–)

(–)

(–)

(–)

(–)

1/3

1/3

–

1/3

–

–

–

–

(–)

(2/3)

(–)

(1/3)

(–)

(–)

(–)

(–)

3/3

3/3

3/3

(3/3)

(3/3)

(3/3)

d.p.i

PSLN

Tonsil

Spleen

Medulla

10

–

–

–

–

–

(–)

(–)

(–)

(–)

–

–

–

(–)

(–)

1/2*

25
50
75
100
150
230

Thalamus Cerebellum

Clinical
ND
ND
1/1
3/3
3/3
325 ±
ND
(3/3)
(3/3)
36
* number of animals staining with BG4 or (R145)
– represents 0/3

events. The prescapular lymph node (PSLN) was also chosen as it was the lymph
node nearest the site of injection and the first site of PrPSc accumulation in the
VRQ/VRQ and VRQ/ARR animals in this study (Table 5.1, Table 5.2), therefore we
expected early changes in expression resulting from SSBP/1 infection to be more
evident there.
As the microarray was not able to detect gene expression changes in blood (Chapter
4), we were not certain that we would be able to identify changes in gene expression
in spleen and lymph using this tool. Therefore, instead of repeating the experimental
design adopted for the blood experiment (three time-points and dye-swap), we
decided to conduct a pilot experiment limited to a single time-point with no dyeswap, in order to investigate whether there was any evidence of differential
expression using this tool. We planned to validate any differences in expression
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using real-time RT-PCR, and also to assess the expression levels of validated genes
in all available VRQ/VRQ time-points. We also planned to assess the expression of
any genes that were confirmed as having differential expression in the spleen in the
blood samples.
The VRQ/VRQ animals were chosen because PrPSc accumulation was detectable in
their spleens early in the disease, whereas this was not the case with the VRQ/ARR
animals, which did not have PrPSc accumulation in the spleen until clinical disease.
PrPSc accumulation in both tissues was confirmed by immunohistochemistry (Hunter
et al., 2009). In the VRQ/VRQ animals, PrPSc was detectable in the PSLN as early as
25 d.p.i, and in the spleen at 75 d.p.i (Table 5.1). In the VRQ/ARR animals, the
accumulation of PrPSc was delayed, with only one animal staining positive at the
PSLN at 50 d.p.i, and no detectable PrPSc accumulation in the spleen until terminal
disease (Table 5.2). PrPSc was not detected in any of the mock-infected animals or
the ARR/ARR animals at any of the tissues and time points tested.
The time-point of 75 d.p.i was chosen because it was the first point when of PrPSc
accumulation occurred both in the spleen and the PSLN.
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5.1 Experimental design

K349

K331

K289

K362

K328

Figure 5.1. Schematic representation of the experimental design for the spleen and
prescapular lymph node experiments. The scrapie-infected samples are represented in blue
and the mock-infected control samples are represented in pink. An arrow joining two
samples indicates that aRNAs from those samples were hybridised together on a microarray
slide. The sample at the base of the arrow was labelled with Cy3 (green) dye and the sample
at the point of the arrow was labelled with Cy5 (red) dye.
Table 5.3. Randomised microarray hybridisation design for the spleen and PSLN
experiments. One Cy3 and one Cy5 labelled sample were concurrently hybridised on each
chip. The description column provides information on the infection status of the samples
compared on each chip.
Array number

Cy3 (green)

Cy5 (red)

Description

D.P.I

6

K331

K349

Case-Case

75

2

K349

K289

Case-Case

75

10

K289

K328

Case-Control

75

4

K328

K362

Control-Control

75

7

K362

K331

Control-Case

75

1

K331

K328

Case-Control

75

8

K349

K362

Case-Control

75

9

K289

K331

Case-Case

75

5

K328

K349

Control-Case

75

3

K362

K289

Control-Case

75

A microarray experiment was performed with Dr. A. Gossner assaying the variation
of gene expression in SSBP/1-infected vs mock-infected animals of the VRQ/VRQ
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genotype, at 75 d.p.i., using spleen and prescapular lymph node (PSLN) tissues
(Section 2.2). The BOV20K array was used (Section 2.11.1).

The experimental design was similar to the one described for the buffy coat samples
(Section 4.1) Ten chips were used per tissue, and no dye swaps were included as this
was a preliminary experiment to determine whether there was any evidence of
differential expression. A schematic representation of the experimental design is
given in Figure 5.1. The comparisons were randomised and the final randomised
design is shown in Table 5.3.
5.2 Differentially expressed genes in the spleen

Figure 5.2. Student’s Q-Q plot of the moderated t-values for the diseased vs control
comparison in the spleen. If there was no variation in gene expression the values should lie
roughly on a straight line. There is clear evidence of both up and down-regulation of genes
between the two groups as the line curves at both ends.

The statistical analysis of the spleen microarrays was carried out by Dr. J. Sales
(BiOSS), using the method described for the buffy coat experiments (Section 2.12).
Briefly, print tip Loess was used for normalisation, excluding blank spots, landing
lights, and weighing other spots by the confidence measure from Bluefuse, ensuring
that low quality spots had little influence on normalisation. A disease vs control

176

CHAPTER 5

SPLEEN AND LYMPH NODE MICROARRAY ANALYSIS

comparison was carried out for all cDNA spots (including those of low confidence,
which comprised approximately 65% of spots on each chip). Spots were analysed
individually and not as a mean of replicates.
The main comparison of interest was the average of the disease samples versus the
average of the control samples. As can be seen from the Q-Q plot (Figure 5.2), there
is evidence of both up-regulation and down-regulation of gene expression in the two
groups. The genes that are represented schematically in the Q-Q plot are also
presented as a Table of each gene’s fold-change accompanied by an adjusted Pvalue, providing an estimate of the likelihood of the fold-change arising by chance.
For the disease versus control comparison, 78 spots which showed variation between
the two groups had an adjusted P-value of ≤0.05, (Table 5.4).
Table 5.4: Spots showing differential expression between scrapie-infected and mockinfected animals, with P≤0.05 in the spleen experiment. The ID column indicates the
spot’s clone number. The Fold-change column provides the ratio of linear gene expression
values between the disease and the control samples. When the ratio was smaller than 1, i.e.
the gene of interest had lower expression in the disease samples, the Fold-change has been
transformed to -1/ ratio to allow for easier interpretation. The P-Value indicates the
estimated probability of the difference arising by chance. The P-values have been adjusted
for false discovery rate. The Gene Name and Gene Ontology Biological Functions associated
with each gene are also listed. Genes whose expression was not variable within the disease
and control groups are highlighted in blue.

Gene
Symbol

Clone ID

Foldchange

Pvalue

ATP5C1
ATP5C1

CO202630
CO202630

-1.64
-1.64

0.016
0.011

ATP synthase, H+
transporting,
mitochondrial F1
complex, gamma
polypeptide 1

ATP synthesis
coupled proton
transport

BLVRB
BLVRB

AM011557
AM011557

-1.89
-1.79

0.038
0.024

biliverdin reductase B
(flavin reductase
(NADPH))

cellular metabolic
process, oxidation
reduction

BLZF2P
BLZF2P

AM023867
AM023867

-2.00
-1.82

0.003
0.013

basic leucine zipper
nuclear factor 2
pseudogene

-

C1QA

BE750905

-1.92

0.009

complement

complement
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function
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BE750905

Foldchange
-2.08

Pvalue
0.002

C1QB
C1QB

BF601123
BF601123

-1.75
-1.85

0.039
0.019

complement
component 1, q
subcomponent, B
chain

complement
activation,
classical pathway,
cell-cell
signalling, innate
immune response

DDX5

AM034615

1.68

0.008

DDX5

AM034615

1.73

0.005

DDX5

CO884046

1.46

0.024

DEAD (Asp-Glu-AlaAsp) box polypeptide
5

DDX5

CO884046

1.57

0.022

mRNA
processing, RNA
splicing, cell
growth, positive
regulation of
transcription

EGR1

CO876236

2.25

0.021

EGR1

CO876236

2.51

0.002

early growth response
1

ENC1

CO880585

-2.04

0.005

ENC1

CO880585

-1.96

0.021

Negative
regulation of
transcription from
RNA polymerase
II promoter,
regulation of
transcription,
DNA-dependent,
G-protein coupled
receptor protein
signalling
pathway, learning
or memory, T
cell
differentiation
ubiquitindependent protein
catabolic process,
multicellular
organismal
development,
nervous system
development

FNDC3B

AM015194

-1.45

0.029

Clone ID
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component 1, q
subcomponent, A
chain

ectodermal-neural
cortex (with BTB-like
domain)

Fibronectin type III
domain-containing
protein 3B

GO Biological
function
activation,
classical pathway,
cell-cell
signalling, innate
immune response

positive
regulation of fat
cell
differentiation
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Gene
Symbol

Clone ID

Foldchange

Pvalue

FOS

AM009178

2.01

0.007

FOS

AM009178

1.95

0.003

FOS

BE755117

2.10

0.003

FOS

BE755117

1.89

0.003

FOS

CN823289

1.90

0.013

FOS

CN823289

2.05

0.007

FOS

CN824048

1.78

0.006

FOS

CN824048

1.84

0.005

FTL

CN824412

-1.92

0.009

FTL

CN824412

-2.13

0.003

GLUL
GLUL

CN823486
CO876135

-1.79
-1.89

GNG5

C0005343G1

HNRNPD
HNRNPD

HNRNPF
HNRNPF

Gene Name

GO Biological
function

v-fos FBJ murine
osteosarcoma viral
oncogene homolog

DNA
methylation,
regulation of
transcription,
DNA-dependent,
regulation of
transcription from
RNA polymerase
II promoter,
inflammatory
response, nervous
system
development

ferritin, light
polypeptide

iron ion transport,
cellular iron ion
homeostasis

0.007
0.032

glutamate-ammonia
ligase (glutamine
synthetase)

glutamine
biosynthetic
process, nitrogen
compound
metabolic
process, response
to glucose
stimulus

-1.43

0.040

guanine nucleotide
binding protein (G
protein), gamma 5

signal
transduction, Gprotein coupled
receptor protein
signaling
pathway,
hormonemediated
signaling

AM033553
AM033553

1.56
1.57

0.032
0.024

heterogeneous nuclear
ribonucleoprotein D
(AU-rich element
RNA binding protein
1, 37kDa)

nuclear mRNA
splicing, via
spliceosome,
regulation of
transcription,
DNA-dependent,
RNA processing

AM020360
AM020360

-1.54
-1.56

0.029
0.024

heterogeneous nuclear
ribonucleoprotein F

nuclear mRNA
splicing, via
spliceosome,
regulation of
RNA splicing
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Gene
Symbol

Clone ID

Foldchange

Pvalue

IGJ
IGJ

CO202612
CO202612

-1.69
-1.75

0.035
0.035

immunoglobulin J
polypeptide, linker
protein for
immunoglobulin alpha
and mu polypeptides

immune response

IMMP1L

AM034857

1.75

0.024

IMP1 inner
mitochondrial
membrane peptidaselike (S. cerevisiae)

proteolysis

LGMN

AM037477

-1.64

0.051

legumain

proteolysis

LRMP

AM039117

1.48

0.049

lymphoid-restricted
membrane protein

vesicle targeting,
vesicle fusion

NR4A2

CO879922

2.37

0.007

nuclear receptor
subfamily 4, group A,
member 2

regulation of
transcription,
DNA-dependent

PARK7

AM026674

-1.61

0.006

Parkinson disease
(autosomal recessive,
early onset) 7

synaptic
transmission,
dopaminergic,
response to stress,
Ras protein signal
transduction,
adult locomotory
behavior,
response to
hydrogen
peroxide

PFKL
PFKL

CO202868
CO202868

-1.56
-1.49

0.020
0.014

phosphofructokinase,
liver

fructose 6phosphate
metabolic
process,
glycolysis,
response to
glucose stimulus,
negative
regulation of
insulin secretion
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Gene
Symbol

Clone ID

Foldchange

Pvalue

QKI

CO875424

-1.75

0.024

quaking homolog, KH
domain RNA binding

vasculogenesis,
mRNA
processing,
regulation of
translation,
transport,
multicellular
organismal
development

RBPMS

AJ688330

1.44

0.022

RNA-binding protein
with multiple splicing

RNA processing

RGS1

AJ819787

2.09

0.029

RGS1

AM029921

2.37

0.005

regulator of G-protein
signalling 1

RGS1

AM029921

2.48

0.002

RGS1

C0005596M3

2.28

0.013

RGS1

C0005596M3

2.44

0.003

immune response,
G-protein
signaling,
adenylate cyclase
inhibiting
pathway, negative
regulation of
signal
transduction

RIOK3
RIOK3

AM005941
AM005941

1.88
1.91

0.003
0.007

RIO kinase 3 (yeast)

protein amino
acid
phosphorylation,
chromosome
segregation

RNF12

AJ673092

2.48

0.006

ring finger protein 12

RNF12

AJ673092

2.27

0.010

regulation of
transcription,
DNA-dependent,
ubiquitindependent protein
catabolic process,
negative
regulation of
transcription

RPL30

C0005343A8

-1.82

0.022

ribosomal protein L30

RPL30

C0005343A8

-1.72

0.013

translation,
translational
elongation

SEPP1

CN823413

-2.00

0.003

SEPP1

CN823413

-2.04

0.007

selenoprotein P,
plasma, 1

selenium
metabolic
process, response
to oxidative
stress, brain
development,
locomotory
behavior, postembryonic
development

181
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Gene
Symbol

Clone ID

Foldchange

Pvalue

SERPINB4

AM023938

1.47

0.032

serpin peptidase
inhibitor, clade B
(ovalbumin), member
4

immune response,
regulation of
proteolysis

SFRS3
SFRS3
SFRS3
SFRS3

CN823578
CN823578
CN823578
CO888251

1.46
1.57
1.55
1.52

0.036
0.013
0.034
0.020

splicing factor,
arginine/serine-rich 3

nuclear mRNA
splicing, via
spliceosome
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A.

B.

C.

D.

Figure 5.3 Student’s Q-Q plot of the moderated t-values for the inter-group
comparisons in the spleen experiment. A. Panel a represents the control-control
comparison (samples K328 vs K362). There is evidence of extensive differential expression.
B. Comparison of the SSBP/1-infected samples K331 and K349. There is evidence of
differential expression, with the majority of genes being down-regulated in K331. C.
Comparison of the SSBP/1-infected samples K349 and K289. There is limited evidence of
differential expression. D. Comparison of the SSBP/1-infected samples K289 and K331.
There is evidence of differential expression, with most genes being down-regulated in K331.

Gene expression variation within groups was also analysed using the same method.
The Student’s Q-Q plots for these comparisons are provided in Figure 5.3 and the
clone numbers and P-values are provided in Appendix 2. Extensive differential
expression was observed between the two control animals as is evident from the
Student’s Q-Q plot (Fig 5.3). Variation was also evident between the scrapie-infected
samples. The Student Q-Q plot for the K331 vs K349 comparison reveals that there
are some differences in expression between the two samples (Figure 5.3). The
majority of genes with high fold-changes were down-regulated in K331 (Appendix
2). There was very limited differential expression between SSBP/1-infected samples
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K349 and K289 (Figure 5.3, Appendix 2) The Student Q-Q plot for the K289 vs
K331 comparison reveals a number of differentially expressed genes (Figure 5.3).
Again, the majority of genes with high fold-changes appear to be down-regulated in
K331 (Appendix 2). There were fourteen genes whose expression was variable
between the disease and control groups but not within the groups, these are
highlighted in blue in Table 5.4.
However, all genes presented in Table 5.4 had mean expression levels that were
significantly different between the disease and control groups, even if their
expression was also variable within groups. With such small sample numbers (n=3
for the SSBP/1-infected and n=2 for the mock-infected group), we can not draw any
conclusions regarding the importance for inter-group variation.
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5.3 Differentially expressed genes in the lymph node

Figure 5.4 Q-Q plot of the moderated t-values (adjusting individual standard deviations
towards a pooled standard deviation) for the diseased vs control comparison. If there
was no variation in gene expression the values should lie roughly on a straight line. There is
clear evidence of both up and down-regulation of genes between the two groups (the line
curves at both ends).

The statistical analysis of the PSLN microarrays was carried out as described in
Section 5.2. The disease-control comparison revealed both up- and down-regulation
of gene expression between the two groups as can be seen from the Student Q-Q plot
(Figure 5.4). Genes which showed variation between the two groups and had an
adjusted P<0.05 are presented in Table 5.5.
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Table 5.5: Spots showing differential expression between scrapie-infected and mockinfected animals, with P-values ≤0.05 in the PSLN experiment. The ID column indicates
the spot’s clone number. The Fold-change column provides the ratio of linear gene
expression values between the disease and the control samples. When the ratio was smaller
than 1, i.e. the gene of interest had lower expression in the disease samples, the Fold-change
has been transformed to -1/ ratio to allow for easier interpretation. The P-Value indicates the
estimated probability of the difference arising by chance. The P-values have been adjusted
for 5% false discovery rate. The Gene Name and Gene Ontology Biological Functions
associated with each gene are also listed. Genes whose expression was not variable within
the disease and control groups are highlighted in blue.
Gene Symbol

Clone ID

Foldchange

Pvalue

Gene Name

GO Biological
Function

ADIPOQ

AJ673034

-2.79

0.011 adiponectin, C1Q
and collagen
domain containing

glucose
metabolic
process,
generation of
precursor
metabolites and
energy, fatty
acid betaoxidation,
response to
glucose
stimulus,
positive
regulation of
signal
transduction

AIF1

AM038284

-1.47

0.017 allograft
inflammatory factor
1

response to
stress,
inflammatory
response, cell
cycle arrest,
negative
regulation of cell
proliferation

ALKBH7
ALKBH7

CO891238
CO891238

1.68
1.77

0.005 alkB, alkylation
0.003 repair homolog 7
(E. coli)

DNA repair

ARMET
ARMET

CO875191
CO875191

1.89
1.80

0.008 arginine-rich,
0.001 mutated in early
stage tumors

-

BLZF2P
BLZF2P

AM023867
AM023867

-1.68
-1.78

0.003 basic leucine zipper
0.001 nuclear factor 2
pseudogene

-
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Clone ID

Foldchange

Pvalue

Gene Name

GO Biological
function

0.017 major
0.018 histocompatibility
complex, class II,
DQ alpha 1

antigen
processing and
presentation of
peptide or
polysaccharide
antigen via
MHC class II,
immune
response

0.005 bromodomain
containing 8

regulation of cell
growth,
regulation of
transcription
from the RNA
polymerase II
promoter, cell
surface receptor
linked signal
transduction,
chromatin
modification

HLA-DQA
HLA-DQA

CO874204
CO874204

-1.51
-1.44

BRD8

CO883911

2.18

C1QA
C1QA

BE750905
BE750905

-1.50
-1.72

0.015
0.001

complement
component 1, q
subcomponent, A
chain

complement
activation,
classical
pathway, cellcell signaling,
innate immune
response

C7
C7

AM026932
AM026932

-1.67
-1.61

0.002
0.014

complement
component 7

complement
activation,
alternative
pathway,
complement
activation,
classical
pathway,
cytolysis

CCDC95

CO202447

-1.54

0.010

Coiled-coil domaincontaining protein
95=INO80 complex
subunit E

Chromatin
remodelling

CCNG1

AM038154

-1.67

0.010

cyclin G1

regulation of
cyclindependent
protein kinase
activity, cell
cycle, mitosis
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Clone ID

Foldchange

Pvalue

Gene Name

GO Biological
function

CD163

AM007476

1.55

0.013

CD163 molecule

acute-phase
response,
inflammatory
response

CD99
CD99

CO882195
CO882195

1.59
1.76

0.016
0.005

CD99 molecule

cell adhesion, Gprotein coupled
receptor protein
signaling
pathway

CHI3L2
CHI3L2

AM033339
AM033339

-1.59
-1.67

0.011
0.001

chitinase 3-like 2

carbohydrate
metabolic
process, chitin
catabolic process

CHRDL2

CO889580

-1.65

0.017

chordin-like 2

ossification,
multicellular
organismal
development,
cell
differentiation,
negative
regulation of
BMP signaling
pathway,
cartilage
development

CLDN11
CLDN11

CO896518
CO896518

-2.16
-2.05

0.001
0.001

claudin 11

axon
ensheathment,
calciumindependent
cell-cell
adhesion

CREBL2
CREBL2

CO881949
CO881949

1.93
1.91

0.003
0.003

CTSK

AM007694

-1.60

0.016

cathepsin K

proteolysis

CTSS

AW654129

-1.89

0.018

cathepsin S

proteolysis,
immune
response
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Clone ID

Foldchange

Pvalue

Gene Name

GO Biological
function

CXCL10
CXCL10

CXCL10
CXCL10

-2.04
-1.87

0.004
0.010

chemokine (C-X-C
motif) ligand 10

chemotaxis,
inflammatory
response,
immune
response, cell
surface receptor
linked signal
transduction

CXCL12
CXCL12

AJ672302
AJ672302

-1.70
-1.69

0.010
0.008

chemokine (C-X-C
motif) ligand 12
(stromal cellderived
factor 1)

chemotaxis,
patterning of
blood vessels,
ameboidal cell
migration,
neuron
migration,
cellular calcium
ion homeostasis

FERMT2

CN822790

-1.63

0.012

fermitin family
homolog 2
(Drosophila)

cell adhesion,
regulation of cell
shape, actin
cytoskeleton
organization

FGL2

CO882231

-1.55

0.013

fibrinogen-like 2

signal
transduction

FNDC3B

AM015194

-1.50

0.010

fibronectin type III
domain containing
3B

positive
regulation of fat
cell
differentiation

IGFBP3
IGFBP3

AM025380
AM025380

-1.51
-1.53

0.008
0.004

insulin-like growth
factor binding
protein 3

regulation of cell
growth, negative
regulation of
protein amino
acid
phosphorylation,
negative
regulation of
signal
transduction,
negative
regulation of
smooth muscle
cell migration,
positive
regulation of
apoptosis
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Clone ID

Foldchange

Pvalue

Gene Name

GO Biological
function

IGHG1
IGHG1

CO882151
CO882151

2.53
2.58

0.005
0.010

immunoglobulin
heavy constant
gamma 1 (G1m
marker)

immune
response

IGHG2
IGHG2
IGHG2

CN823715
CO894237
CO894237

1.84
2.06
2.20

0.013
0.003
0.005

immunoglobulin
heavy constant
gamma 2 (G2m
marker)

immune
response

IGHM
IGHM

CN824070
CN824070

-1.94
-1.60

0.012
0.005

immunoglobulin
heavy constant mu

immune
response

IGKC

AM035109

1.52

0.005

immunoglobulin
kappa constant

immune
response

IGLC1
IGLC1
IGLC1
IGLC1

CN821965
CN821965
CN824331
CN824331

2.02
1.82
1.76
1.93

0.011
0.011
0.013
0.002

immunoglobulin
lambda constant 1
(Mcg marker)

immune
response

LYZ

AM034624

-1.67

0.010

lysozyme (renal
amyloidosis)

lactose
biosynthetic
process,
inflammatory
response,
metabolic
process, cell
wall catabolic
process,
cytolysis

MAF

AJ815407

-1.54

0.020

NENF

AJ812753

2.44

0.010

neuron derived
neurotrophic factor

positive
regulation of
MAPKKK
cascade

NGFRAP1

CN821983

1.56

0.016

nerve growth factor
receptor
(TNFRSF16)
associated protein
1

induction of
apoptosis via
death domain
receptors
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Clone ID

Foldchange

Pvalue

Gene Name

GO Biological
function

PARK7
PARK7

AM026674
AM026674

-1.52
-1.62

0.010
0.003

Parkinson disease
(autosomal
recessive, early
onset) 7

synaptic
transmission,
dopaminergic,
response to
stress, Ras
protein signal
transduction,
adult locomotory
behavior,
response to
hydrogen
peroxide

PDS5A
PDS5A

CN822385
CN822385

-1.49
-1.52

0.010
0.017

PDS5, regulator of
cohesion
maintenance,
homolog A (S.
cerevisiae)

cell cycle,
mitosis, cell
division

RNF12

AJ673092

2.35

0.013

ring finger protein
12

regulation of
transcription,
DNA-dependent,
ubiquitindependent
protein catabolic
process,
negative
regulation of
transcription

SEC24D
SEC24D

AJ687977
AJ687977

1.49
1.45

0.018
0.012

SEC24 family,
member D (S.
cerevisiae)

ER to Golgi
vesicle-mediated
transport,
membrane
organization

SEPP1
SEPP1

CN823413
CN823413

-1.73
-1.61

0.001
0.005

selenoprotein P,
plasma, 1

selenium
metabolic
process,
response to
oxidative stress,
brain
development,
locomotory
behavior, postembryonic
development
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Clone ID

Foldchange

Pvalue

Gene Name

GO Biological
function

SFRP1
SFRP1

CO889749
CO889749

-1.60
-1.67

0.013
0.016

secreted frizzledrelated protein 1

somitogenesis,
anti-apoptosis,
signal
transduction,
multicellular
organismal
development,
anatomical
structure
morphogenesis

SPCS3
SPCS3

AM032158
AM032158

1.77
1.90

0.001
0.001

signal peptidase
complex subunit 3
homolog (S.
cerevisiae)

signal peptide
processing

TAC1
TAC1
TAC1
TAC1

CN824292
CN824292
CO878084
CO878084

-5.50
-6.74
-3.54
-3.47

0.001
0.001
0.005
0.003

tachykinin,
precursor 1

inflammatory
response,
elevation of
cytosolic
calcium ion
concentration,
tachykinin
signaling
pathway,
neuropeptide
signaling
pathway,
synaptic
transmission

TCEA1
TCEA1

AM023874
AM023874

-1.84
-1.99

0.001
0.001

transcription
elongation factor A
(SII), 1

RNA elongation,
regulation of
transcription,
DNA-dependent,
regulation of
transcription
from RNA
polymerase II
promoter,
erythrocyte
differentiation

TGDS
TGDS

AM019646
AM019646

-1.78
-1.76

0.018
0.015

TDP-glucose 4,6dehydratase

carbohydrate
metabolic
process, steroid
biosynthetic
process

TMEM2

CO895456

-2.15

0.012

transmembrane
protein 2

-
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Clone ID

Foldchange

Pvalue

Gene Name

GO Biological
function

TMEM87A
TMEM87A

CO871695
CO871695

1.67
1.61

0.011
0.012

transmembrane
protein 87A

-

TOP2A

AM013637

1.87

0.018

topoisomerase
(DNA) II alpha
170kDa

DNA
replication,
DNA
topological
change, DNA
ligation, DNA
repair, response
to DNA damage
stimulus

TRGC1

CN821873

-1.41

0.015

T cell receptor
gamma constant 1

-

UBE2J1
UBE2J1

CN823596
CN823596

1.77
1.54

0.001
0.008

ubiquitinconjugating enzyme
E2, J1 (UBC6
homolog, yeast)

ubiquitindependent
protein catabolic
process

UBR7
UBR7

AJ690971
AJ690971

-1.86
-1.73

0.001
0.001

ubiquitin protein
ligase E3
component nrecognin 7
(putative)

ubiquitindependent
protein catabolic
process

VDAC3

CN822542

1.47

0.014

voltage-dependent
anion channel 3

anion transport,
adenine
transport

WDR67

C0005593L20

-1.46

0.011

WD repeat domain
67

G-protein
coupled receptor
protein signaling
pathway,
regulation of
Rab GTPase
activity

The within-group variation is presented in Figure 5.5 and the genes showing
differential expression are listed in Appendix 2.
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A.

B.

C.

D.

Fig 5.5 Student’s Q-Q plot of the moderated t-values for the inter-group comparisons
in the PSLN experiment. A. Panel a represents the control-control comparison (samples
K328 vs K362). There is limited evidence differential expression. B. Comparison of the
SSBP/1-infected samples K331 and K349. There is evidence of differential expression, with
the majority of genes being UP-regulated in K331. C. Comparison of the SSBP/1-infected
samples K349 and K289. There is evidence of differential expression, with the majority of
genes down-regulated in K349 D. Comparison of the SSBP/1-infected samples K289 and
K331. There is limited evidence of differential expression.

There was very limited differential expression between the two control animals
(Figure 5.5), with only 11 genes having statistically significant differences in
expression between the two samples, with a P≤0.05 (Appendix 2). There was more
variation within the scrapie-infected group (Figure 5.4). The K331 vs K349
comparison shows evidence of differential expression, with the majority of
differentially expressed genes being up-regulated in K331 (Fig. 5.5, Appendix 2).
The Student Q-Q plot for the K349 vs K289 comparison also reveals that there are
differences in expression between the two samples (Figure 5.5.). The majority of
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differentially expressed genes are down-regulated in K349 as is evident from both
the left end of the curve of the Student Q-Q plot and the fold-change (Figure 5.5,
Appendix 2). The Student Q-Q plot for the K289 vs K331 comparison reveals a
limited number of differentially expressed genes, as the two samples appear to have
very similar expression patterns (Figure 5.5), with only 20 genes having a P≤ 0.05
(Appendix 2) .
Genes whose expression was not variable within groups but was significantly
different between groups are highlighted in blue in Table 5.5.
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5.4 Spleen- lymph node comparison
Table 5.6 Genes that were differentially expressed between the SSBP/1-infected and
mock-infected animals both in the spleen and PSLN.

BE750905

Fold-change
(Spleen)
-1.92

P-value
(Spleen)
0.009

Fold-change
(PSLN)
-1.50

P-value
(PSLN)
0.015

BE750905

-2.08

0.002

-1.72

0.001

FNDC3B

AM015194

-1.45

0.029

-1.50

0.010

PARK7

AM026674

-1.61

0.006

-1.52

0.010

AM026674

-

-

-1.62

0.003

AJ673092

2.48

0.006

2.35

0.013

AJ673092

2.27

0.010

-

-

CN823413

-2.00

0.003

-1.73

0.001

CN823413

-2.04

0.007

-1.61

0.005

C0005593L20

-1.69

0.015

-1.46

0.011

Gene

ID

C1QA

RNF12
SEPP1
WDR67

Six genes were differentially expressed with an adjusted P≤0.05 in both the spleen
and the lymph node. These genes were C1QA, FNDC3B, PARK7, RNF12 SEPP1
and WDR67 (Table 5.6). All genes had comparable fold-changes in both tissues, and
5/6 genes were down-regulated in the SSBP/1-infected animals, except for RNF12,
which was up-regulated in the SSBP/1-infected animals compared to the controls.
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5.5 Network generation and functional annotation

5.5.1 Network generation
Functional annotation and network generation was performed using the Ingenuity
Pathways Analysis (IPA) Version 7.5 (Ingenuity Systems, www.ingenuity.com), as
described in Section 2.12.7.
The IPA program returned three functional networks for the spleen dataset. The first
network had a P-score of 24 and comprised the genes BLVRB, C1QA, C1QB,
DDX5, ENC1, FNDC3B, GLUL, IGJ, PARK7, RIOK3 and SEPP1. The most
significant functional associations of the network were cell death, neurological
disease, and free radical scavenging (Figure 5.6).
The second network had a score of 22 and contained the genes EGR1, FOS, FTL,
GNG5, HNRNPD, NR4A2, RGS1, RNF12 (RLIM), SERPINB4 and. SFRS3. The
most significant functional associations of the network were drug metabolism,
molecular transport, and small molecule biochemistry (Figure 5.7).
The third network had a score of 16 and contained the genes ATP5C1, HNRNPF,
LGMN, LRMP, PFKL, QKI, RBPMS, and RPL30. The most significant functional
associations of the network were DNA replication, recombination, and repair, energy
production, and nucleic acid metabolism (Figure 5.8).
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Figure 5.6 Spleen gene network 1, associated functions: cell death, neurological disease
and free radical scavenging. Each node represents a gene. Triangular nodes pointing
downwards represent kinases (e.g. RIOK3), elongated rhomboid nodes represent an enzyme
(e.g. GLUL, BLVRB), flattened rhomboid nodes represent peptidases (e.g. ENC1), bordered
circular nodes represent a complex or group (e.g. C1Q, Bvr), flattened oval nodes represent
transcriptional regulators (e.g. TP53), and circular nodes represent genes with other
functions (e.g. SEPP1). Genes coloured green are down-regulated in the SSBP/1-infected
animals compared to the mock-infected controls, whereas red coloured genes are upregulated. Each edge represents an interaction. Solid edges represent direct interactions
whereas dashed edges represent indirect interactions. A solid arrow head indicates that gene
A acts on gene B. A line indicates that gene A inhibits gene B, and an edge with no markers
indicates that gene a binds gene B.
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Figure 5.7 Spleen gene network 2, associated functions: drug metabolism, molecular
transport and small molecule biochemistry. Each node represents a gene. Oblong nodes
represent nuclear receptors (e.g. NR4A2), elongated rhomboid nodes represent an enzyme
(e.g. RLIM), bordered circular nodes represent a complex or group (e.g. LDL), flattened oval
nodes represent transcriptional regulators (e.g. FOS), and circular nodes represent genes with
other functions (e.g. FTL). Genes coloured green are down-regulated in the SSBP/1-infected
animals compared to the mock-infected controls, whereas red coloured genes are upregulated. Each edge represents an interaction. Solid edges represent direct interactions
whereas dashed edges represent indirect interactions. A solid arrow head indicates that gene
A acts on gene B. A line indicates that gene A inhibits gene B, and an edge with no markers
indicates that gene a binds gene B.
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Figure 5.8 Spleen gene network 3, associated functions: DNA replication,
recombination, and repair, energy production, nucleic acid metabolism. Each node
represents a gene. Triangular nodes pointing downwards represent kinases (e.g. PFKL),
elongated rhomboid nodes represent enzymes (e.g. HRAS), flattened rhomboid nodes
represent peptidases (e.g. LGMN), bordered circular nodes represent a complex or group
(e.g. C1Q, Bvr), flattened oval nodes represent transcriptional regulators (e.g. MYC),
lampshade shaped nodes represent transporters (e.g. ATP5C1), and circular nodes represent
genes with other functions (e.g. RBPMS). Genes coloured green are down-regulated in the
SSBP/1-infected animals compared to the mock-infected controls, whereas red coloured
genes are up-regulated. Each edge represents an interaction. Solid edges represent direct
interactions whereas dashed edges represent indirect interactions. A solid arrow head
indicates that gene A acts on gene B. A line indicates that gene A inhibits gene B, and an
edge with no markers indicates that gene a binds gene B.
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The IPA program returned four functional networks for the PSLN dataset.
The first network had a score of 38 and comprised the genes ADIPOQ, C1QA,
CD163, CTSK, CXCL10, CXCL12, FERMT2, IGFBP3, IGHG1, IGHG2, IGHM,
IGKC, LYZ, MAF, TAC1, TCEA1, and TOP2A. The most significant functional
associations of the network were immunological disease, cell-to-cell signalling and
interaction, haematological system development and function (Figure 5.9).
The second network had a score of 27 and contained the genes AIF1, CHRDL2,
CTSS, FGL2, FNDC3B, HLA-DQA1, IGLC1, PARK7, SFRP1, TMEM2,
UBE2J1,UBR7, and VDAC3. The most significant functional associations of the
network were cell death, DNA replication, recombination, and repair, and cancer
(Figure 5.10).
The third network had a score of 23 and contained the genes ARMET, C7, CD99,
CHI3L2, CLDN11, CTSS, FGL2, NGFRAP1, PDS5A, RNF12 (RLIM), SEPP1 and
SPCS3. The most significant functional associations of the network were cancer,
genetic disorder and protein degradation (Figure 5.11).
The fourth network had a score of 15 and contained the genes ALKBH7, BRD8,
CCNG1, CREBL2, CCDC95 (INO80E), SEC24D, TGDS and TMEM87A. The most
significant functional associations of the network were cell cycle, cellular assembly
and organization, DNA replication, recombination, and repair (Figure 5.12).
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Figure 5.9 PSLN gene network 1, associated functions: immunological disease, cell-tocell signalling and interaction, haematological system development and function. Each
node represents a gene. Elongated rhomboid nodes represent enzymes (e.g. LYZ), flattened
rhomboid nodes represent peptidases (e.g. CTSK), square nodes represent cytokines (e.g.
CXCL12), bordered circular nodes represent a complex or group (e.g. Igm), flattened oval
nodes represent transcriptional regulators (e.g. TCEA1), elongated oval nodes represent
transmembrane receptors (e.g. CD163), and circular nodes represent genes with other
functions (e.g. FERMT2). Genes coloured green are down-regulated in the SSBP/1-infected
animals compared to the mock-infected controls, whereas red coloured genes are upregulated. Solid edges represent direct interactions whereas dashed edges represent indirect
interactions. A solid arrow head indicates that gene A acts on gene B. An edge with no
markers indicates that gene a binds gene B.
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Figure 5.10 PSLN gene network 2, associated functions: cell death, DNA replication,
recombination and repair, cancer. Each node represents a gene. Elongated rhomboid
nodes represent enzymes (e.g. UBR7), flattened rhomboid nodes represent peptidases (e.g.
CTSS), bordered circular nodes represent a complex or group (e.g. NGF), elongated oval
nodes represent transmembrane receptors (e.g. SFRP1), dashed-line oblong nodes represent
ion channels (e.g. VDAC1), circular nodes represent genes with other functions (e.g. AIF1),
and inverted lampshade shaped nodes represent regulatory miRNA molecules (e.g.
MIRN351). Genes coloured green are down-regulated in the SSBP/1-infected animals
compared to the mock-infected controls, whereas red coloured genes are up-regulated. Solid
edges represent direct interactions whereas dashed edges represent indirect interactions. A
solid arrow head indicates that gene A acts on gene B. An edge with no markers indicates
that gene a binds gene B.
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Figure 5.11 PSLN gene network 3, associated functions: cancer, genetic disorder,
protein degradation. Each node represents a gene. Elongated rhomboid nodes represent
enzymes (e.g. RLIM), flattened rhomboid nodes represent peptidases (e.g. CTSS), bordered
circular nodes represent a complex or group (e.g. peptidase), elongated oval nodes represent
transmembrane receptors (e.g. CD74), flattened oval nodes represent transcriptional
regulators (e.g. MYC), and circular nodes represent genes with other functions (e.g.
SEPP1).Genes coloured green are down-regulated in the SSBP/1-infected animals compared
to the mock-infected controls, whereas red coloured genes are up-regulated. Solid edges
represent direct interactions whereas dashed edges represent indirect interactions. A solid
arrow head indicates that gene A acts on gene B. An edge with no markers indicates that
gene a binds gene B.
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Figure 5.12 PSLN gene network 4, associated functions: cell cycle, cellular assembly
and organisation, DNA replication, recombination and repair. Each node represents a
gene. Elongated rhomboid nodes represent enzymes (e.g. TGDS), flattened rhomboid nodes
represent peptidases (e.g. MMP14), flattened oval nodes represent transcriptional regulators
(e.g. CREBL2), lampshade-shaped nodes represent transporters (e.g. SEC24D), downwardpoint triangles represent kinases (e.g. NCK1), upward-pointing triangles represent
phosphatises (e.g. PPP2R4) and circular nodes represent genes with other functions (e.g.
SEPP1).Genes coloured green are down-regulated in the SSBP/1-infected animals compared
to the mock-infected controls, whereas red coloured genes are up-regulated. Solid edges
represent direct interactions whereas dashed edges represent indirect interactions. A solid
arrow head indicates that gene A acts on gene B. An edge with no markers indicates that
gene a binds gene B.
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5.5.2 Functional annotation

Table 5.7 Functional annotation of the differentially expressed genes in the spleen
experiment.
Functional class

Gene

Immune response

C1QA, C1QB, LGMN

G-protein signalling

RGS1, GNG5, WDR67

Metabolism

BLVRB, GLUL, PFKL, FTL,

Cell adhesion

VCAM1

Protease inhibition

SERPINB4

Proteolysis

LGMN, IMMP1L

mRNA processing and splicing
Transcriptional regulation

DDX5, HNRNPD, HNRNPF, RBPMS,
RPL30, SFRS3, QKI
EGR1, FOS, HNRNPD, NR4A2, RNF12

Ubiquitin cycle

UBE2Q2, RNF12,

Up-regulated genes are shown in bold type and down-regulated genes in regular type.

Table 5.8 Functional annotation of the differentially expressed genes in the
PSLN experiment.
Functional class

Gene

Immune response

AIF1, C1QA, C7, CD163, CTSS, CXCL10,
CXCL12, IGHG1,IGHG2,IGHM,IGKC,
IGLC1, LYZ
TOP2A, SFRP1, NGFRAP1, IGFBP3,
CREBL2, PDS5A, CCNG1, AIF1
RNF12, UBE2J1, UBR7

Cell cycle and apoptosis
Ubiquitin cycle

Proteolysis

IGHM, IGFBP3, RNF12, SPCS3, UBE2J1,
UBR7
CTSK, CTSS, LYZ

Cell adhesion

CD99, CLDN11, HLA-DQA

Transcriptional regulation

BRD8, CREBL2, MAF, RNF12, TCEA1,

Post-translational protein modification

UBR7
Up-regulated genes are shown in bold type and down-regulated genes in regular type.

The differentially expressed genes were also grouped based on shared gene ontology
(GO) terms using the Database for Annotation, Visualisation and Integrated
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Discovery (DAVID) functional annotation tool (http://david.abcc.ncifcrf.gov/), in
order to gain insight into the functional classes of genes that became differentially
regulated with response to SSBP/1 infection. As some of the GO terms are redundant
(e.g. “immunoglobulin, immunoglobulin major, immunoglobulin domain”), the
DAVID output was adapted to broader, non-redundant functional groupings for
easier interpretation.
For the spleen, the major functional categories that emerged were those of immune
response, protease inhibition, proteolysis, RNA splicing, transcriptional regulation,
and ubiquitination (Table 5.7).
For the PSLN, the major functional categories were very similar, and included cell
cycle

control

and

apoptosis,

immune

response,

post-translational

protein

modification and transcriptional regulation and ubiquitination (Table 5.8).
Several of the differentially expressed genes had also been identified in previous
gene expression studies (Table 5.9).
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Table 5.9 Genes previously identified as differentially expressed in microarray studies
of murine scrapie.
Functional
class

Gene

Proteolysis

CTSK

Booth et Brown Riemer Xiang Brown Skinner Xiang
al., 2004
et al., et al., et al., et al., et al., et al.,
2004
2004
2004 2005
2006
2007
↑

CTSS

↑

Immune
responsecomplement
Chemokine

Signal
transduction

LGMN
C1QA

↑

↑

↑

↑

↑

C1QB
CXCL10

↑

↑
↑

↑
↑

CXCL12

↓

GNG5

↑

RGS1

(RGS2,10)
↑
↓

↑

↑

↑

↑

↑ SP

Regulation
EGR1
of
transcription
FOS
CLDN11 ↑
TCEA1

↑

↑
↑

↓
↑
↓
↑

↑

AIF1
Other

FTL
GLUL
QKI
SEPP1
LYZ

Sorensen This
et
al., study
2008
↑
↓
PSLN
↑
↓
PSLN
↓ SP
↑
↓
PSLN,
↓ SP
↑
↓ SP
↓
PSLN
↓
PSLN
↑
↓ SP

↑
↑
↑
↑
↑
↑

↑

The arrows indicate whether gene expression was up or down regulated. SP stands for spleen
and PSLN stands for prescapular lymph node.
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5.6 Discussion
Two microarray experiments were performed to assess differential expression in
spleen and PSLN samples from SSBP/1-infected and mock-infected sheep. A
number of genes were identified whose expression was statistically significantly
different between the infected and control animals.
Analysis of the two control spleen samples revealed large control-control variation.
This could be due to a number of factors such as the processing of the spleen
samples, an unrecognised factor such as an infection in one of the animals inducing
variation in spleen expression, or it could be indicative of real variation in gene
expression. It is impossible to tell with such a small number of controls (n=2)
whether the observed variation represents true biological variation or is an
experimental artefact. The same two animals were nonetheless very similar in terms
of gene expression in both the buffy coat and PSLN experiments, confirming that
this variation is spleen-specific and therefore probably due to variations in cell
composition in the two samples. In the diseased group, it was evident that K362 and
K289 were very similar, but gene expression appeared to be down-regulated in
sample K331. In the PSLN experiment, there was very limited differential expression
between the controls. Within the SSBP/1-infected sample group, K331 and K289
appeared very similar, while K349 had a slightly different expression profile. Several
genes were variable between but not within SSBP/1-infected and mock-infected
groups. These genes did not overlap in the spleen and PSLN experiments. This could
be due to the variation between the two spleen controls. Another factor can also be
that one of the disease samples (K331) appears to have lower expression levels than
the other two.
Network analysis provides an indication of how the “focus genes” (genes identified
as differentially expressed with an adjusted P-value ≤ 0.05 in the microarray
experiment) interact, and how they might be co-regulated. This helps to elucidate the
molecular and physiological processes these genes might be involved in. Information
about gene interaction/ co-regulation comes from the IPA database of curated
literature findings, from a variety of experimental conditions and systems. While all
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interactions are valid, some are not relevant in the context of scrapie and the tissues
tested (e.g. involvement of SEPP1 in spermatogenesis). The identified networks
contain central nodes representing common regulators such as TP53 (spleen network
1, Figure 5.6), whose sequences were included on the array, but which were not
identified as differentially regulated. This could be due to technical limitations of the
microarray as discussed in Section 4.7. Alternatively, it is possible that the proposed
network does not reflect the regulation of these genes in the spleen. Functional
annotation that relates to networks is only relevant insofar as the network is correctly
predicted. For instance, the three main functions associated with spleen network 1,
namely cell death, neurological disease and free radical scavenging are only
associated to one of our focus genes (PARK7). Nonetheless, they have a high
statistical significance score because they are strongly associated with other network
genes such as TP53 and TGFB1, which were not identified as differentially regulated
on the array. For this reason, functional analysis of the dataset (focus genes) is more
informative as it relates to common functions of differentially regulated genes. The
genes identified as common regulators in network analysis would represent good
targets for further real-time PCR validation to elucidate mechanisms behind the gene
expression picture provided by the array.
Functional annotation was carried out to illuminate the relationships between
differentially expressed genes. The findings were also compared to other gene
expression studies of scrapie and other TSEs. In general, differential expression in
this study appears to follow the opposite trend to other published findings on the
same genes (Table 5.9). A possible explanation is that this is not a like-for-like
comparison, as the majority of these studies involved mouse brain samples at clinical
stages of disease. Our study differed not only in terms of the model of scrapie used,
but also in terms of the choice of tissues and time-points. These gene expression
studies utilised the experimental model of mouse-adapted sheep scrapie, whereas our
samples were from sheep infected with SSBP/1, a scrapie strain derived from a pool
of natural scrapie isolates. Moreover, we examined completely different tissues and
time-points, namely peripheral sheep tissues at an early, pre-symptomatic stage of
infection as opposed to CNS at terminal disease. It is possible that we are seeing an
expression program reflecting an early response to infection, which gets dys-

210

CHAPTER 5

SPLEEN AND LYMPH NODE MICROARRAY ANALYSIS

regulated in the brain at the late stages and causes apoptosis and general pathology
leading to the disease symptoms.
5.6.1. Peptidases
The up-regulation of lysosomal peptidases, particularly cathepsins, is a common
phenomenon in prion diseases, Alzheimer’s disease (Lemere et al., 1995; Nixon et
al., 2006) and normal brain ageing (Lee et al., 2000; Wendt et al., 2008). This upregulation is generally considered a sign of inflammation mediated by microglial
activation, leading to neuronal apoptosis. Another interpretation of the increased
levels of cysteine proteases is that they reflect up-regulation of the endosomallysosomal system, related to amyloidosis (Cataldo et al., 1995; Nixon et al., 2006).
In this study decreased levels of lysosomal protease transcripts were observed in the
SSBP/1 animals both in the spleen and the PSLN.
Spleen
The lysosomal peptidase legumain (LGMN) was down-regulated in the spleen (Foldchange=-1.64, P=0.051) and in scrapie-infected mouse brain (Skinner et al., 2006).
Legumain is involved antigen presentation by the MHC II (Manoury et al., 2003) and
antigen processing (Manoury et al., 1998). The down-regulation of LGMN in the
spleen could mean that antigen presentation by MHC class II is reduced. The downregulation of other transcripts of genes related to antigen-presentation was also
observed in the SSBP/1-infected spleen samples (Section 5.6.6.1).
PSLN
The lysosomal peptidases cathepsin K (CTSK) and cathepsin S (CTSS) were shown
to be down-regulated in the PSLN in this study (Fold-change=-1.89 P=0.018; Foldchange=-1.67 P=0.010). CTSS has previously been shown to be up-regulated in the
brains of mice infected with scrapie (Booth et al., 2004, Riemer et al., 2004, Xiang et
al., 2004, Sorensen et al., 2008), as well as in CJD infected microglia (Baker et al.,
2002) and in the obex of sheep naturally infected with scrapie (Garcia-Crespo et al.,
2006). Gene expression studies of scrapie-infected mouse brains also showed upregulation of CTSK (Booth et al., 2004, Sorensen et al., 2008). Cathepsin S is
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involved in antigen presentation by MHC class II, with a dual function of invariant
chain cleavage and antigen degradation (Honey et al., 2003). In its secreted form, it
degrades extracellular matrix proteins such as collagen and elastane (Reddy et al.,
1995; Watari et al., 1999). Cathepsin K is involved in tissue remodelling by collagen
and elastane degradation (Watari et al., 1999; Yasuda et al., 2005). The downregulation of CTSS in the PSLN could indicate a decrease in antigen presentation by
MHC class II. This is corroborated by the down-regulation of the sheep homologue
of the bovine MHC class II molecule BOLA-DQA in the PSLN (Fold-change=-1.51,
P=0.017) (Section 5.6.6.1). Down-regulation of CTSK could indicate a decrease in
tissue remodelling and thus cell migration. Other molecules involved in cell
migration and cell adhesion, such as the chemokines CXCL10 and CXCL12, and the
cell adhesion molecule CLDN11 were also down-regulated in the PSLN (Foldchange=-2.04, P=0.004;Fold-change=-1.70, P=0.010;Fold-change=-2.16, P=0.001)
(Section 5.6.6.2).
5.6.2 Protease inhibitors
The protease inhibitor SERPINB4 was shown to be up-regulated in the spleen (Foldchange=1.47, P=0.032). The SERPINB4 gene, (previously known as SSCA2),
encodes a serine proteinase (serpin) which inhibits chymotrypsin-like serine
proteases such as cathepsin G and mast cell chymase (Schick et al., 1997). The
SSCA protein was first identified as a marker for cervical cancer (Kato and Torigoe,
1977), and was later shown to inhibit cysteine proteases (Takeda et al., 1995), even
though its gene sequence classified it as a serpin (Suminami et al., 1991). Subsequent
analysis of the SSCA locus revealed two homologous genes, SSCA1 at the telomeric
side and SSCA2 at the centromeric side (Schneider et al., 1995). The two genes have
92% identity at the amino acid level, but SSCA1 inhibits cysteine proteases (Takeda
et al., 1995; Schick et al, 1998), whereas SSCA2 inhibits serine proteases (Schick et
al., 1997). Various scrapie gene expression studies have shown the up-regulation of
protease inhibitors such as SERPINA3N (Xiang et al., 2004, Xiang et al., 2007),
tissue inhibitor of metalloproteinase 1 (TIMP1) (Xiang et al., 2004), cystatin C
(CST3) (Booth et al., 2004, Brown et al., 2004, Skinner et al., 2006; Sorensen et al.,
2008) and cystatin F (CST7) (Riemer et al., 2004, Xiang et al., 2004). Cysteine
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protease inhibitors are able to inhibit PrPSc accumulation in vivo, in neuroblastoma
cell lines (Doh-Ura et al., 2000); the increase in SERPINB4 levels in the spleen
could reflect a related protective mechanism against PrPSc.
5.6.3 Ubiquitin cycle
Genes taking part in ubiquitination were differentially expressed both in the spleen
and the PSLN.
Spleen
In the spleen, the genes ring finger protein 12 (RNF12), and ubiquitin-conjugating
enzyme E2Q family member 2 (UBE2Q2) were up-regulated in the SSBP/1-infected
animals

(Fold-change=2.48,

P=0.006;

Fold-change=1.65,

P=0.026).

RNF12

(previously known as RLIM) was first characterised as a transcriptional co-repressor
of LIM domain transcription factors, and shown to recruit the Sin3A/ histone deacetylase complex (Bach et al., 1999). The gene encoding RNF12 was cloned in
2000 and later shown to be an ubiquitin ligase, able to target transcriptional
activators for proteolysis (Ostendorff et al., 2000; Ostendorff et al., 2002). Ubiquitin
conjugating enzyme E2 (UBE2) takes part in the process of ubiquitination, or protein
degradation by the ubiquitin-proteasome system (UPS). Ubiquitin is activated by the
enzyme E1, it binds to cysteine residues on the enzyme E2, and finally it becomes
covalently linked onto lysine residues or the N-terminal amino acid of the protein
destined for degradation by E3. The ubiquitin-tagged protein is then digested by the
26S proteasome (Goldberg, 2003).
PSLN
In the PSLN, ring finger protein 12 (RNF12) and ubiquitin-conjugating enzyme E2,
JI (UBE2J1) were up-regulated (Fold-change=2.35, P=0.013, Fold-change=1.77,
P=0.001). Conversely, the transcript levels of a gene with predicted similarity to
ubiquitin protein ligase E3 component n-recognin 7 (putative) (UBR7) appeared
reduced (Fold-change=-1.86, P=0.001). However, as this is only a predictive
annotation it is not certain whether UBR7 is in fact an E3 ligase or merely a protein
with similar functional domains. Involvement of E3 and E2 in the endosome-
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lysosome trafficking system is a way to regulate signalling, by degrading active
signalling molecules to stop signalling cascades (Goldberg, 2003). The apparent upregulation of genes involved in the ubiquitin cycle in the SSBP/1-infected animals’
spleen and PSLN samples could be tied to the down-regulation of antigen
presentation (Section 5.6.6.1). Dysregulation of the endosome has been suggested as
an underlying mechanism of neurodegeneration in prion diseases (Kim et al., 2007)
as well as in Alzheimer’s disease (Cataldo et al., 1995; Nixon et al., 2006).
5.6.4 G-protein signalling
The guanine-nucleotide protein G (GNG5) was shown to be down-regulated in the
spleen in this study (Fold-change=-1.43, P=0.04). GNG5 has been shown to be upregulated in scrapie-infected mouse brain (Booth et al., 2004; Sorensen et al., 2008).
GNG5 is an isoform of the γ subunit of the heterotrimeric G-protein, a
transmembrane protein involved in cellular signalling. The G-protein becomes
activated when a G-protein coupled receptor (GPCR) catalyses the dissociation of
guanosine diphosphate (GDP) from the G-protein α subunit (Gα), causing Gα to bind
to guanosine triphosphate (GTP) and dissociate from the βγ subunit complex (Gβγ),
allowing both Gα and Gβγ to interact with a variety of downstream receptors and
effector proteins (reviewed in Smrcka, 2008).
The regulator of G-protein coupled signalling 1 (RGS1) gene transcript was shown to
be highly up-regulated in the spleen (Fold-change=2.48, P=0.002). The transcript
levels of two other members of the RGS family, RGS2 and RGS10, were shown to
be increased in terminal scrapie mouse brains (Booth et al., 2004). RGS proteins are
negative regulators of GPCR signalling (Watson et al., 1996). The decrease in
GNG5, and increase in RGS1 could indicate negative regulation of G-protein
coupled signalling in the spleen. One of the functions of RGS1 is to inhibit leukocyte
migration by making DCs, B-cells, and macrophages less responsive to promigration signals such as the chemokines CXCL12, CCL19 and CCL21 (Shi et al.,
2004; Le et al., 2005; Gratschev et al., 2008).
The WD repeat domain 67 (WDR67) gene transcript was down-regulated both in the
spleen (Fold-change=-1.69 P=0.015) and in the PSLN (Fold-change=-1.46 P=0.011).
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WDR67 is a membrane protein with predicted Rab GTPase activator activity. Rab
GTPases are monomeric G-proteins involved in membrane trafficking (reviewed in
Fukuda, 2008).
5.6.5 MAPK/ERK signalling
Expression of the transcription factor FOS (previously known as c-fos) was found to
be increased in the SSBP/1 spleen samples (Fold-change=2.10, P=0.003), in
agreement with its up-regulation in scrapie-infected mouse brains (Brown et al.,
2005). RGS1 has been shown to drive the expression of FOS, through the activation
of the extracellular signal regulated kinase (ERK) pathway (Panetta et al., 1999). The
ERK family of proteins form part of the mitogen activated protein kinase (MAPK)
cascade, a very important signalling pathway involved in various processes such as
proliferation, differentiation, cell cycle regulation, and apoptosis (reviewed in Shaul
et al., 2007; Whitmarsh, 2007). The ERK pathway has been shown to be upregulated in scrapie-infected hamster brains (Lee et al., 2005). Two other genes of
the MAPK/ERK pathway, early growth response 1 (EGR1) and nuclear receptor 4
A2 (NR4A2), were also shown to be up-regulated in the spleen (Fold-change=2.25,
P=0.021; Fold-change=2.37, P=0.007).
EGR1 is a zinc-finger transcription factor, first identified as an immediate-early gene
induced following stimulation with growth factors (Milbrandt et al., 1987). It is
involved in a variety of processes, including T-cell proliferation but also anergy
(Collins et al., 2008), and apoptosis (Lee et al., 2007). EGR1 has been shown to be
up-regulated in response to PrPSc accumulation in mouse brains (Marella et al.,
2005), as well as following accumulation of the toxic PrP

(106-124)

peptide in a

neuronal cell-line cultured from embryonic mouse brains (Gavin et al., 2005).
Therefore, it is possible that EGR1 up-regulation in the spleen reflects early prion
accumulation, which was detectable in two out of three tested animals at 75 d.p.i
(Table 5.1). Conversely to the up-regulation seen in the spleen, EGR1 was shown to
be down-regulated in scrapie-infected mouse brains (Booth et al., 2004; Sorensen et
al., 2008), and in the brains of VRQ/VRQ sheep after SSBP/1 infection (Gossner et
al., unpublished data). ERK up-regulation has been suggested to have a protective
role against PrPSc-induced apoptosis (Uppington et al., 2008); therefore, down-
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regulation of ERK and the resulting down-regulation of EGR1 at terminal disease
could abolish this protective effect, leading to neuronal apoptosis and brain
pathology.
The gene nuclear receptor 4 A2 (NR4A2), whose transcription is regulated by ERK2
(Zhang et al., 2007), was also shown to be up-regulated in the spleen (Foldchange=2.37, P=0.007). NR4A2 (previously known as Nurr1) was first identified as
an early response gene, induced by membrane depolarisation by potassium chloride
(Law et al., 1992). It belongs to the NR4 orphan nuclear receptor family, whose
other members are NR4A1 (Nur77) (Milbrandt, 1988) and NR4A3 (NOR1) (Ohkura
et al., 1994). The NR4 proteins are highly conserved, ligand-independent
transcription factors (Baker et al., 2003; Wang et al., 2003). Their transcription is
induced in activated macrophages in response to inflammation (Barish et al., 2005;
Pei et al., 2005) where they modulate the expression of genes involved in various
pro- and anti-inflammatory pathways (Bonta et al., 2006; Pei et al., 2006). The NR4
family are also involved in apoptosis of various cell types (Kim et al., 2003; Lin et
al., 2004) including T-cells (Winoto et al., 2002). Differential expression of NR4A2
has not previously been associated with scrapie, but the related gene NR4A1 was
shown to be up-regulated in scrapie-infected mouse brain (Brown et al., 2005).
5.6.6 Immune response
5.6.6.1 Antigen presentation
Spleen
The gene encoding lymphoid-restricted membrane protein (LRMP, previously
known as Jaw1) appeared to be slightly up-regulated in the spleens of SSBP/1infected animals compared to mock-infected animals (Fold-change=1.48, P=0.049).
LRMP is involved in vesicle trafficking and it is localized to the cytoplasmic face of
the endoplasmic reticulum in lymphoid cell lines and tissues (Behrens et al., 1994).
A proposed role for LRMP is in the intracellular trafficking of Ag receptors of
lymphocytes. The up-regulation of LRMP in SSBP/1-infected spleen could mean that
Ag receptors were increasingly internalised to prevent activation, reflecting a
decrease in Ag presentation.
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PSLN
The sheep homologue of the MHC class II molecule HLA-DQA was down-regulated
in the PSLN (Fold-change=-1.51, P=0.017). A reduced frequency of HLA class II
DQB1·07 (DQ7) has been described in vCJD patients, but not in those with sCJD
(Jackson et al., 2001). The authors hypothesised that the apparent protective role of
the DQ7 molecule could be due to more effective presentation of a putative
pathogenic peptide, and subsequent initiation of an immune response; alternatively,
if MHC II is involved PrPSc dissemination, they proposed that DQ7 might be less
efficient in this role than other HLA-DQB1 molecules.

PrPC expression on the membranes of DCs increases in parallel with MCH class II
expression during maturation (Burthem et al., 2001;Martinez del Hoyo et al.,
2006;Ballerini et al., 2006). PrPC was proposed to act as an adhesion protein,
stabilising the DC/T-cell interaction, and also possibly an initiator of a signalling
cascade inside the DC (Ballerini et al., 2006). As PrPC is necessary for the
proliferation of PrPSc, it is possible that reduced MHC class II expression also
reduces PrPC expression, thus limiting the PrPC available for interaction with PrPSc.
The down-regulation of the sheep homologue of the MHC class II molecule HLA- in
the PSLN (Fold-change=-1.51, P=0.017) could suggest reduced antigen presentation
in the SSBP/1-infected animals. This could be a protective mechanism against the
replication and spread of PrPSc.
The complement components C1QA and C1QB were down-regulated in the spleen in
this study, whereas they have been shown to be up-regulated in scrapie-infected
mouse brains (Brown et al., 2004; Riemer et al., 2004; Xiang et al., 2004; Brown et
al., 2005; Skinner et al., 2006; Xiang et al., 2007; Sorensen et al., 2008). The
complement component C1QA and the downstream complement component 7 (C7),
which forms part of the membrane attack complex, were also down-regulated in the
PSLN (Fold-change=-1.72, P=0.001; Fold-change=-1.64, P=0.002).
C1Q has been shown to bind to aggregated PrPSc (Blanquet-Grossard et al., 2005),
and complement activation in the brain is considered a contributing factor to
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neuronal damage. However, complement has also been shown to play an important
role in the early stages of infection, by aiding prion uptake by DCs and subsequent
dissemination through the lymph to sites of proliferation such as FDCs (Mabbot et
al., 2001). The decrease in C1QA and C1QB in this study could indicate a
mechanism of protection against prion spread.
The scavenger receptor CD163 was up-regulated in the PSLN (Fold-change=1.55,
P=0.013). CD163 is expressed by macrophages, is involved in the clearance of
heptaglobin-haemoglobin complexes and has an anti-inflammatory role (Moestrup et
al., 2004).
The gene allograft inflammatory factor 1 (AIF1) was down-regulated in the SSBP/1infected animals in the PSLN experiment (Fold-change=-1.47, P=0.017), whereas it
has been shown to be up-regulated in brains of scrapie-infected mice (Xiang et al.,
2007). AIF is a calcium-binding protein which was found to be up-regulated in
cardiac monocytes and CD68+ macrophages of transplant patients undergoing an
inflammatory response, and was suggested to play a role in macrophage activation
(Utans et al., 1996).
The mRNA levels of v-maf musculoaponeurotic fibrosarcoma oncogene homolog
(MAF) were slightly decreased in the PSLN of the SSBP/1-infected animals
compared to the mock-infected controls (Fold-change=-1.54, P=0.002). MAF is a
leucine-zipper transcription factor able to activate the transcription of various
cytokines such as IL-4 and IL-10 (Ho et al., 1996;Agnello et al., 2003;Cao et al.,
2005).

5.6.6.2 Leukocyte migration
Spleen
The expression level of vascular cell-adhesion molecule 1 (VCAM1), which plays an
integral part in leukocyte migration (reviewed in Butcher et al., 1996), was reduced
in the spleen (Fold-change=-1.96, P=0.007). This could suggest that leukocyte
migration is impaired in the SSBP/1-infected animals.
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PSLN
The chemokines CXCL10 and CXCL12 were down-regulated in the PSLN (Foldchange=-2.04, P=0.004, Fold-change=-1.70, P=0.010). CXCL10 was shown to be
up-regulated in scrapie-infected mouse brains (Riemer et al., 2004; Xiang et al.,
2004), whereas CXCL12 has been shown to be both down-regulated and upregulated in scrapie-infected mouse brain in different studies (Brown et al., 2004;
Xiang et al., 2004). CXCL10 is a chemoattractant for T-cells and monocytes, and
binds to the CCR3 receptor (Farber et al., 1997; Dufour et al., 2002). CXCL10
transcription is induced by interferon γ (IFNG) (Luster et al., 1985). CXCL12 is also
a chemoattractant for T-cells and monocytes and binds to the receptor CXCR4 (Bleul
et al., 1996).
The gene tachykinin precursor 1 (TAC1) was highly down-regulated in the PSLN
(Fold-change=-6.74, P=0.001). TAC1 is involved in the regulation of haematopoiesis
and in the immune response (Greco et al., 2004). TAC1 expression is induced by low
levels of CXCL12 (Corcoran et al., 2007); therefore, the decrease in TAC1 seen in
the PSLN appears to be contradictory to the decrease in CXCL12. However, other
mechanisms exist for the repression of TAC1, such as the interaction with repressor
element 1–silencing transcription factor (REST) (Reddy et al., 2009)
The cell adhesion molecule CD99, which is involved in T-cell adhesion (Gelin et al.,
1989) and the regulation of leucocyte migration through endothelial junctions
(Schenkel et al., 2002), was up-regulated in the PSLN (Fold-change=1.76, P=0.005).
The cell adhesion molecule claudin 11 (CLDN11) was down-regulated in the PSLN
(Fold-change=-2.16, P=0.001). CLDN11 is associated with tight cell junctions and is
predominantly expressed by oligodendrocytes (Bronstein et al., 2000), but the
expression of other claudins has been documented in tight cell junctions in peripheral
lymph nodes (Pfeiffer et al., 2008).
5.6.6.3 Humoral responses
In the PSLN of SSBP/1-infected mice there was up-regulation of the transcripts for
immunoglobulin heavy constant γ1 (IGHG1) (Fold-change=2.53, P=0.005),
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immunoglobulin heavy constant γ2 (IGHG2) (Fold-change=2.20, P=0.005),
immunoglobulin

constant

κ

(IGKC)

(Fold-change=1.52,

P=0.005)

and

immunoglobulin λ constant 1 (IGLC1) (Fold-change=2.02, P=0.011), as well as
down-regulation of immunoglobulin heavy constant μ (IGHM) (Fold-change=-1.94,
P=0.012). The significance of this is unclear. PrPSc infection does not elicit a
humoral response, as it the PrPSc protein is identical to PrPC in terms of sequence
(Porter et al., 1973). This is exemplified by the difficulty of raising PrPSc antibodies
in wild type mice; Prnp0/0 mice are commonly used for antibody production (Prusiner
et al., 1993; Korth et al., 1997; Paramithiotis et al., 2003).
5.6.7 RNA processing and splicing
Spleen
The genes DEAD (Asp-Glu-Ala-Glu) box polypeptide 5 (DDX5), heterogeneous
nuclear ribonucleoprotein D (HNRNPD), RNA binding protein with multiple
splicing (RBPMS), and splicing factor arginine/serine rich 3 (SFRS3) were shown to
be up-regulated in SSBP/1-infected spleen (Fold-change=1.73, P=0.005; Foldchange=1.57, P=0.024; Fold-change=1.44, P=0.022; Fold-change=1.57, P=0.013),
and the genes heterogeneous nuclear ribonucleoprotein F (HNRNPF), ribosomal
protein L30 (RPL30), and quaking homolog (QKI) were down-regulated (Foldchange=-1.56, P=0.024;Fold-change=-1.82, P=0.022; Fold-change=-1.75, P=0.024).
All the genes encode proteins involved in RNA processing and the regulation of
splicing.
DDX5 (previously known as p68 RNA helicase), is involved in a variety of
processes such as pre-mRNA processing (Liu et al., 2002), transcriptional activation
(Endoh et al., 1999; Watanabe et al., 2001; Rossow et al., 2003; Bates et al., 2005),
transcriptional repression (Wilson et al., 2004), and alternative splicing (Guil et
al.,2003). HNRPND (previously known as AUF) binds adenylate-uridylate rich
sequence elements (AREs) in the 3’ regulatory region of mRNA molecules, targeting
them for degradation (Brewer et al., 1991). Several genes contain AREs, particularly
genes whose expression has to be transient, such as those involved in inflammation
or growth (Bakheet et al., 2001; Bevilacqua et al., 2003). FOS and EGR1 both
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contain AREs; therefore, the up-regulation of HNRNPD could be a way of
controlling the expression of these genes. The expression of the related
heterogeneous nuclear ribonucleoprotein D-like gene (HNRPDL) has previously
been shown to be decreased in scrapie-infected mouse brains (Skinner et al., 2006).
RNA binding protein gene with multiple splicing (RBPMS) was up-regulated in
spleen (Fold-change=1.44, P=0.022). RBPMS is a 230 kb gene encoding a family of
RNA-binding proteins, the transcripts for which are generated by alternative splicing
(Shimamoto et al., 1996). RBPMS was shown to interact with Smad proteins and
enhance their activity as transcriptional activators of the TGFβ signalling pathway
(Sun et al., 2006). RBPMS has also been shown to be a key protein in human ataxia
networks as identified by protein-protein interaction studies, interacting directly with
Ataxin-1 (ATXN1), Atrophin-1 (ATN1) and Quaking (QKI) (Lim et al., 2006).
The QKI gene transcript was down-regulated on the spleen array (P=-1.75, P=0.024),
although it has been found to be up-regulated in scrapie-infected mouse brains
(Booth et al., 2004). QKI is an RNA-binding protein which is involved in the
regulation of pre-mRNA splicing, mRNA export, mRNA stability and protein
translation (Saccomanno et al., 1999; Li et al., 2000;Wu et al., 2002; Larocque et al.,
2002). HNRNPF is involved in pre mRNA processing, and is able to bind mRNA
both on its own and as part of the nuclear-cap binding protein complex, a component
of the spliceosome (Bennett et al., 1992; Gamberi et al., 1997). Splicing factor
arginine/serine rich 3 (SFRS3, previously known as SRP20) is an RNA binding
protein involved in the regulation of pre-mRNA splicing, including that of its own
transcript (Jumaa et al., 1997). RPL30 forms part of the ribosome (Yoshihama et al.,
2002).
PSLN
The mRNA levels of the transcription elongation factor A (SII), 1 (TCEA1) were
decreased in the PSLN of the SSBP/1-infected animals compared to the mockinfected controls (Fold-change=-1.99, P=0.001). TCEA1 is able to induce
continuation of RNA polymerase II transcription through transcriptional arrest sites.
It does this by binding to RNA polymerase II and allosterically activating its intrinsic
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ribonuclease activity, leading to 3’ cleavage of the nascent RNA chain, providing an
opportunity for re-extension and thus continuation of RNA synthesis (Reines, 1992).
Moreover, even though it does not bind DNA, it is able to interact directly with
transcriptional activators through its 3’ end while bound on RNA polymerase II. The
expression of TCEA1 was shown to be up-regulated in brains of scrapie-infected
mice (Riemer et al., 2004; Brown et al., 2005).
The regulation of mRNA processing and splicing appears to be an important feature
in the 75 d.p.i. samples, however the precise nature of its involvement with SSBP/1
infection is hard to interpret, particularly as there is evidence of both up-and downregulation of related molecules. It is possible that the changes in RNA processing
reflect the differential regulation of antigen processing and the signalling events that
are occurring concurrently in the cells. The changes in transcription brought about by
the up-regulation of transcription factors FOS and EGR1 are executed by the
transcriptional machinery of the cell; this could explain the up-regulation of DDX5,
HNRPND, RBPMS and SFRS3.
The regulation of splicing was noted as an important common mechanism of various
ataxias in a protein-protein interaction study (Lim et al., 2006). Moreover, regulation
of transcription through micro RNAs (miRNAs) has been proposed as an important
mechanism in prion disease (Saba et al., 2008). MiRNAs are 18-25 nucleotide long,
non-coding RNA molecules, involved in post-transcriptional regulation of gene
expression. They are able to block translation or alternatively promote transcript
degradation by binding to complementary sequences in the 3’ UTR of target genes
(Bartel, 2004;Lim et al., 2005). They are also able to activate gene expression in
situations of cellular stress (Vasudevan et al., 2007). A study of miRNA profiles in
the brains of scrapie-infected mice revealed de-regulation of miRNAs whose target
genes are involved in the ubiquitin-proteasome system (UPS) pathway, synapse
function and transcriptional regulation (Saba et al., 2008).
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5.6.8 Oxidative stress
Oxidative stress occurs when the cell becomes unable to deal with the production of
reactive oxygen species (ROS), through the normal routes of detoxifying enzymes
and antioxidants such as superoxide dismutase and gluthionine peroxidase. ROS are
a by-product of many cellular processes such as respiration; however, when they
become overly abundant they are able to damage lipids, proteins and nucleic acids.
Oxidatively damaged molecules accumulate in the cell, causing dysfunction that can
lead to apoptotic cell death (Floyd and Hensley, 2002).

5.6.8.1 Iron homeostasis and oxidative stress
The genes encoding ferritin light chain 1 (FTL1) and biliverdin reductase β
(BLVRB) had reduced expression levels in the spleens of SSBP/1 infected animals,
compared to mock-infected controls, at 75 d.p.i. (Fold-change=-2.13, P=0.003; Foldchange=-1.89, P=0.038). The proteins encoded by both genes are involved in iron
metabolism. Iron has many important physiological functions in the cell, such as
oxygen transport in haeme, mitochondrial oxidation, synthesis of DNA and
dopamine; however, it is also a potent inducer of free radicals, through the Fenton
reaction (Fe2+ + H2O2 → Fe3+ + OH· + OH−). Free iron can be quite toxic and induce
oxidative stress, leading to lipid peroxidation, protein oxidation, oxidation of nucleic
acids, mitochondrial dysfunction and cell death (Gaeta and Hider, 2005).
Dysfunction in iron homeostasis and metabolism is a common feature in many
neurodegenerative diseases including Alzheimer’s disease, where iron deposits are
found in amyloid-β plaques (Smith et al., 1997) and Parkinson’s disease, where iron
is deposited inside affected neurons in the substantia nigra (Good et al., 1992).
Increased levels of redox iron (Fe2+ and Fe3+) have been found in brains of mice
infected with ME7 scrapie (Kim et al., 2000); however, the levels of ferrous iron
(Fe2+) have been shown to be decreased in the brains of mice infected with scrapie
strain 139A (Wong et al., 2001), and total iron levels were reduced in scrapieinfected neuroblastoma cells (N2a) (Fernaeus et al., 2005). It has been suggested that
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redox iron aids the conformational transformation of PrPC into PrPSc (Basu et al.,
2007).
Ferritin binds ferrous iron molecules (Fe2+), which are highly toxic, and stores them
in the ferric (Fe3+) state, acting both as an iron detoxifier and as a reserve of iron
within the cell (Harrison and Arosio, 1996). Ferritin has been shown to bind with
high specificity to PrPSc in vitro and aid its dissemination across tight endothelial cell
junctions, co-transporting with PrPSc through ferritin receptors (Mishra et al., 2004).
Deposits of ferritin and iron have also been found in association with PrPSc in
amyloid plaques in the brains of GSS and vCJD patients (Petersen et al., 2005). The
mRNA levels of FTL were up-regulated in scrapie-infected mouse brains (Skinner et
al., 2006). A decrease in ferrous iron and the levels of ferritin was observed in
scrapie-infected neuroblastoma cells (Fernaeus et al., 2005).
Free Fe2+ iron molecules get converted to haeme, which becomes converted to
biliverdin, which in turn becomes converted to bilirubin and finally bilirubin
becomes converted to bilirubin-diglucoronide. The enzymes BLVRA and BLVRB
catalyze the reduction of biliverdin to bilirubin in the haeme degradation pathway
(Baranano et al., 2002). This is an important mechanism of anti-oxidant defence
within the cell. The expression of various enzymes involved in the haeme
degradation pathway was found to be increased in the brains of mice infected with
scrapie strains RML and 301V (Hwang et al., 2009). The reduced expression of
FTL1 and BLVRB in spleen samples from SSBP/1-infected animals could indicate a
scrapie-induced decrease in iron levels in these animals, similar to that seen in
scrapie-infected N2a cells (Fernaeus et al., 2005).

5.6.8.2 Glutamate-ammonia ligase
The mRNA for glutamate-ammonia ligase (GLUL, previously known as glutamine
synthase), was reduced in the spleens SSBP/1-infected animals compared to mockinfected controls (Fold-change=-1.89, P=0.003). Alterations in glutamate metabolism
have been described as a feature of oxidative stress induced by mitochondrial

224

CHAPTER 5

SPLEEN AND LYMPH NODE MICROARRAY ANALYSIS

dysfunction in manganese superoxide dismutase (SOD2) knock-out mice, which
develop a spongiform encephalopathy (Golden et al., 2005). GLUL expression has
previously been shown to be up-regulated in scrapie-infected mouse brains (Booth et
al., 2004).
5.6.8.3 Mitochondrial function
Genes encoding mitochondrial proteins were shown to have altered expression. In
the spleen, these were ATP synthase mitochondrial F1 complex gamma polypeptide
1 (ATP5C1) and IMP1 inner mitochondrial membrane peptidase like 1 (IMMP1L)
(Fold-change=-1.64 P=0.016; Fold-change=1.75, P=0.0024). The gene encoding the
mitochondrial protein voltage-dependent anion channel 3 (VDAC3) was upregulated in the PSLN (Fold-change=1.47, P=0.014).
ATP5C1 is a component of the catalytic core of the mitochondrial ATP synthase
(Matsuda et al., 1993). Contrary to the down-regulation of ATP5C1 seen in the
spleen, mitochondrial ATP synthases were shown to be up-regulated in scrapieinfected mouse brains (Xiang et al., 2007).
Inner mitochondrial membrane peptidase 1-like (IMMP1L) is the mammalian
homologue of IMP1, a yeast mitochondrial protein involved in proteolysis. IMP1
heterodimerises with inner membrane peptidase 2 (IMP2) to form the IMP complex,
which cleaves protein precursor signal sequences and releases the mature proteins
into the intermembrane space (Nunnari et al., 1993; Gakh et al., 2002).
VDAC3 is a mitochondrial membrane ion channel, which transports adenine
nucleotides through the outer membrane (Rahmani et al., 1998). Permeabilisation of
mitochondria through the induction of VDAC proteins is a mechanism of apoptosis
(Debatin et al., 2002).
Mitochondrial dysfunction is a consequence of oxidative stress, also a prominent
feature of the neurodegenerative condition Parkinson’s disease (PD) (Clark et al.,
2006; Park et al., 2006).
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5.6.8.4 Oxidative stress and apoptosis
The gene Parkinson disease 7 (PARK7) was differentially expressed in both the
spleen and PSLN (Fold-change=-1.61, P=0.006, Fold-change=-1.62, P=0.003).
Mutations in PARK7 are a cause of Parkinson’s Disease (PD). PARK7 mutants are
more sensitive to oxidative stress (Kim et al., 2005; Menzies et al., 2005; Meulener
et al., 2006), as well as to toxins causing mitochondrial dysfunction (Ved et al.,
2005). PARK7 is able to act as a co-activator of transcription and has been suggested
to play an anti-apoptotic role (Xu et al., 2005). PARK7 is able to bind RNA and
could regulate selenoproteins at the mRNA level (van der Brug et al., 2008).
The gene encoding selenoprotein P plasma 1 (SEPP1) was down-regulated both in
the spleen and the PSLN (Fold-change=-2.04, P=0.007;Fold-change=-1.73,
P=0.001). SEPP1 is involved in the transport of selenium, a molecule with antioxidant properties, and could have a function in promoting cell survival (Mostert et
al., 2000; Hirashima et al., 2003). SEPP1 was up-regulated in scrapie-infected mouse
brain (Booth et al., 2004).

5.6.9 Cell cycle
The transcripts of several genes involved in cell-cycle regulation were differentially
expressed in the PSLN. Cell proliferation appeared to be down-regulated in these
samples.
The mRNA levels of allograft inflammatory factor 1 (AIF1) were decreased in the
PSLN samples of SSBP/1-infected animals compared to mock-infected controls
(Fold-change=-1.47, P=0.007). AIF1 is a calcium-binding protein expressed by
lymphocytes in response to pro-inflammatory signals, and appears to have a role in
enhancing cell proliferation (Utans et al., 1995; Autieri et al., 2001). The levels of
AIF1 were found to be increased in macrophages from sCJD patients brains
(Deninger et al., 2003), and in brains from scrapie-infected mice (Xiang et al., 2007).
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The transcript levels of cyclin G1 (CCNG1) were reduced in the PSLN of SSBP/1infected animals compared to mock-infected controls (Fold-change=-1.67, P=0.010).
Cyclin G1 transcription is activated by the transcription factor tumour suppressor
protein 53 (TP53) (Okamoto and Beach, 1994). Genetic knockout of CCNG1 in mice
results in abnormal G2/M cell cycle arrest, and decreased cell growth after DNA
damage (Kimura et al., 2001).
Cyclic AMP (cAMP) responsive element binding protein-like 2 (CREBL2) mRNA
levels were increased in the PSLN of SSBP/1-infected animals compared to mockinfected controls (Fold-change=1.93, P=0.003). CREBL2 is a transcription factor
(Hoornaert et al., 1998). CREBL2 has been found to be deleted in malignant cancer
cells suggesting that its normal function might be negative regulation of cell
proliferation (Wlodarska et al., 1996). The mRNA levels of PDS5 regulator of
cohesion maintenance homolog A (PDS5A) were decreased in the PSLN of the
SSBP/1-infected animals (Fold-change=-1.52, P=0.017). PDS5A is involved in
maintaining sister chromatin cohesion during mitosis (Sumara et al., 2009).

5.6.10 Apoptosis
Both up-regulation and down-regulation of apoptosis inducing transcripts was
observed in the PSLN.
The expression levels of the gene encoding insulin-like growth factor binding protein
3 (IGFBP3) were reduced in the PSLN of the SSBP/1-infected animals, compared to
the mock-infected controls (Fold-change=-1.53, P=0.040). IGFBP3 is a positive
regulator of apoptosis (Rajah et al., 2002; Santer et al., 2006).
Nerve growth factor receptor-associated protein 1 (NGFRAP1) was up-regulated in
the PSLN of SSBP/1-infected animals compared to mock-infected controls (Foldchange=1.56, P=0.016). NGFRAP1 (previously known as NADE) is an inducer of
apoptosis through interaction with death domains (Mukai et al., 2000; Tong 2003;
Yoon et al. 2004).
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The levels of secreted frizzled-related protein 1 (SFRP1) were decreased in the PSLN of
SSBP/1-infected animals compared to mock-infected controls (Fold-change=-1.67,
P=0.016). SFRP1 acts as a soluble modulator of Wnt signalling (Uren et al., 2000).
SFRP1 has been shown to have an anti-apoptotic role in glioma cells, through the
inhibition of apoptotic pathways (Roth et al., 2000).
Topoisomerase (DNA) II alpha 170kDa (TOP2A) mRNA levels were increased in
the PSLN of SSPB/1-infected animals (Fold-change=1.87, P=0.018). TOP2A is an
enzyme that alters DNA topology by inducing transient double-stranded breaks in the
DNA helix, allowing intact double helices to pass through (Osheroff et al., 1991).
This is a requirement for many cellular processes such as DNA transcription,
replication and recombination, as well as chromosomal condensation and segregation
(Wang et al., 2002). Protein kinase C isoform δ (PKCD) has been shown to increase
TOP2A expression in response to DNA damage, leading to induction of apoptosis
(Yoshida et al., 2006). TOP2A is also involved in the cell cycle checkpoint at the
G2/M transition (Downes et al., 1994); therefore over-expression of TOP2A could
cause unregulated entry into mitosis and trigger apoptosis through the intrinsic
“mitotic catastrophe” cell death pathway (Castelo et al., 2004).

5.6.10 Other genes
5.6.10.1 ENC1
The transcript levels for the gene ectodermal-neural cortex 1 with BTB-like domain
(ENC1) were down-regulated in the spleens of the SSBP/1-infected animals
compared to mock-infected controls (Fold-change=-2.04, P=0.005). ENC1 is a
nuclear matrix protein able to bind actin, and has previously been implicated in
neuronal development and malignant transformation in cancer (Hernandez et al.,
1997; Kim et al., 1998). The levels of ENC1 mRNA were also shown to be increased
in response to oxidative stress (Seng et al., 2007). ENC1 has not previously been
associated with scrapie.

228

CHAPTER 5

SPLEEN AND LYMPH NODE MICROARRAY ANALYSIS

5.6.10.2 RIOK3
The mRNA levels of RIO kinase 3 (yeast) homologue (RIOK3) was increased in the
PSLN of SSBP/1-infected animals (Fold-change=1.91, P=0.007). RIOK3 is involved
in chromosomal segregation, and its expression was shown to be induced by H2O2 in
vitro as part of an anti-proliferative, repair response (Desaint et al., 2004).

5.6.10.3 Glucose metabolism
The mRNA levels of the gene phosphofructokinase, liver subunit (PFKL) appeared
reduced in the spleens of SSBP/1-infected animals compared to mock-infected
controls (Fold-change=-1.56, P=0.020). PFKL catalyses the conversion of D-fructose
6-phosphate to D-fructose 1,6-bisphosphate in the glycolysis pathway. PFKL has
been found in association with amyloid plaques, in the brains of patients with
Alzheimer’s Disease (Liao et al., 2004). It has also been shown to bind to the protein
atrophin 1 (ATN1) in a large scale study of protein interactions in human
neurodegenerative diseases (Lim et al., 2006).
5.6.11 Summary
The expression analysis of samples from FDC-enriched spleen and PSLN revealed a
number of common molecular functions affected by SSBP/1-infection in the two
tissues.
One of the functions that appeared differentially regulated was antigen presentation
by MHC II (Section 5.6.1, Section 5.6.6.1). Several molecules involved in antigen
presentation appeared to be down-regulated in both the spleen and PSLN. As PrPC is
up-regulated in accordance with MHC II on DCs (Burthem et al., 2001;Martinez del
Hoyo et al., 2006; Ballerini et al., 2006), it is possible that down-regulation of
antigen presentation reduces the amount of surface PrPC which can act as a template
for PrPSc replication. Other cells that are able to express PrPC and MHC II and are
present in the spleen and PSLN are FDCs, macrophages and B-cells (Schriever et al.,
1989). B-cells do not appear to be integral to PrPSc proliferation (Klein et al., 1998),
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but they are needed for the maturation of FDCs, which are strongly associated with
accumulation of PrPSc (Brown et al., 1999). Reduced antigen presentation and thus
reduced PrPC expression on DCs, FDCs and macrophages could be a protective
mechanism against PrPSc replication. Complement activation and lymphocyte
migration also appeared down-regulated in both the spleen and the PSLN of SSBP/1infected animals (Section 5.6.6.1, Section 5.6.6.2). Complement facilitates prion
uptake by DCs and subsequent dissemination through the lymph to sites of
proliferation such as FDCs (Mabbot et al., 2001). Therefore, down-regulation of
complement and impaired lymphocyte migration could be a way of limiting PrPSc
accumulation and spread. The humoral immune response appeared to be
differentially regulated in the PSLN but not the spleen (Section 5.6.6.3). The
significance of this is unclear as PrPSc is known not to elicit an antibody response
(Porter et al., 1973).
Several genes involved in oxidative stress were differentially regulated in both the
spleen and the PSLN of SSBP/1-infected animals (Section 5.6.8). Genes involved in
anti-oxidant defence such as PARK7 and SEPP1 appeared to be down-regulated in
both tissues (Section 5.6.8.4). Prion infection is known to increase sensitivity to
oxidative stress and impair anti-oxidant defence (Milhavet and Lehmann, 2002).
In the PSLN, but not the spleen of SSBP/1-infected animals, genes involved in cell
cycle progression and cellular proliferation appeared to be down-regulated (Section
5.6.9), while genes involved in promoting apoptosis were up-regulated (Section
5.6.10). The apparent decrease in cell proliferation and increase in apoptosis could be
a consequence of PrPSc accumulation, perhaps through increased oxidative stress or
impaired UPS function. PrPSc accumulation in the PSLN occurs earlier than in the
spleen in the SSBP/1-infected VRQ/VRQ animals (Table 5.1).This could explain
why these effects on apoptosis and cell proliferation are not evident in the spleens of
SSBP/1-infected animals at the 75 d.p.i time-point.
The mRNA levels of genes involved in ubiquitination were up-regulated in both the
spleen and the PSLN of SSBP/1 infected animals (Section 5.6.3). Ubiquitin protein
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degradation is a protective mechanism against diseases involving accumulation of
misfolded protein, such as Parkinson’s disease and Huntington’s disease (reviewed
by Rubinsztein, 2006). Up-regulation of ubiquitin ligases and ubiquitin conjugating
enzymes in the spleen and PSLN could be a protective response against the
accumulation of PrPSc. In scrapie-infected cell-lines and mice, PrPSc oligomers have
been shown to inhibit the proteolytic ability of the ubiquitin proteasome, leading to
cellular dysfunction and apoptosis (Kristiansen et al., 2007). Therefore, an
alternative explanation for the increase in transcript levels of genes involved in
ubiquitination in this experiment could be that it represents an attempt of the cell to
overcome decreased proteolytic efficiency of the UPS, caused by PrPSc. However, as
ubiquitin proteolysis is involved in the regulation of many cellular processes such as
signalling and cell-cycle control (Goldberg, 2003), altered expression of ubiquitinrelated gene transcripts could reflect the regulation of other events within the cell,
such as immune response, oxidative stress response, or cell cycle and apoptosis
(Section 5.6.6, Sections 5.6.8-5.6.10).
Genes involved in control of RNA processing and splicing were also differentially
regulated, predominantly in the spleen but also in the PSLN (Section 5.6.7). Some of
the proteins encoded by these genes, such as RBPMS and QKI, have been identified
as important members of protein interaction networks in human ataxias (Lim et al.,
2006), whereas the transcripts of other genes such as HNRPDL and TCEA1 have
been shown to be differentially regulated in brains of scrapie-infected mice (Riemer
et al., 2004; Brown et al., 2005;Skinner et al., 2006). The significance of the
differential regulation of RNA processing and splicing genes is unclear. A possible
explanation is that it is related to the up-regulation of transcription within the cell,
caused by MAPK/ERK signalling (Section 5.6.5). Moreover, the differential
regulation of RNA processing and splicing could also be a means of regulating other
processes that are occurring in the cell such as immune response, oxidative stress
response and cell cycle control.
Transcription factors involved in the MAPK/ERK signalling pathway were strongly
up-regulated in the spleen. The up-regulation of genes EGR1, FOS and NR4A2 is
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known to affect many processes such as lymphocyte activation as well as apoptosis
(Winoto et al., 2002; Pei et al., 2006; Lee et al., 2007; Collins et al., 2008). The upregulation of MAPK/ERK signalling has been shown to occur as a response to PrPSc
accumulation (Gavin et al., 2005; Lee et al., 2005; Marella et al., 2005). However,
transcripts for EGR1 and the NR4A2-related gene NR4A1 have previously been
shown to be down-regulated in scrapie-infected mouse brains (Booth et al., 2004;
Brown et al., 2005; Sorensen et al., 2008).
G-protein coupled signalling appeared to be down-regulated in the spleen
experiment. The gene RGS1, a negative regulator of G-protein coupled signalling,
appeared highly increased in the SSBP/1-infected animal’s spleens. This could be
related to the decrease in molecules involved in leukocyte migration, as RGS1 is a
negative regulator of leukocyte migration (Shi et al., 2004; Le et al., 2005; Gratschev
et al., 2008).
These expression results were preliminary, as they were based on a small experiment
comprising a single time-point and no dye-swap. The reliability of the differential
expression findings is hampered by the array limitations (Section 4.7) as well as the
issues of false positive results, which is a common problem of microarray
experiments. Data normalisation was employed to minimise dye bias and positional
effects (Section 2.12.3), and the Benjamin-Hochberg correction was used to set false
discovery rate at 5% (Section 2.12.5.3). The expression levels of selected genes,
identified as differentially expressed on the array, were further validated using realtime PCR (Chapter 6).
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6.1 Candidate gene selection
The aim of this experiment was to validate the spleen microarray results (Chapter 5)
by assessing gene expression using the more sensitive method of quantitative realtime RT-PCR. A panel of genes showing differential expression in the array
experiments were assayed in all available time-points in VRQ/VRQ spleen, in order
to identify potential surrogate markers of infection. We expected good diagnostic
candidates to show early changes in expression and ideally retain a differential
expression profile throughout the time-course of disease. Candidate genes showing
differences in expression in the VRQ/VRQ samples were also assayed in VRQ/ARR
and ARR/ARR samples. As the expression screening of blood samples using
microarrays (Chapter 4) did not identify potential diagnostic markers, we planned to
assess the expression of any validated candidate genes from the spleen experiments
in blood also, as a more targeted approach to the identification of surrogate markers
of infection.
Candidate genes for real-time RT-PCR validation were selected based on fulfilment
of one or more of the following criteria:
•

differential expression in both the spleen and PSLN experiments

•

high magnitude fold-change (>1.5)

•

duplicates both showing differential expression (of the same trend)

•

stable expression within control and SSBP/1-infected groups

•

non-redundant functional pathways with other selected genes

•

support from previous gene expression studies

Genes that were differentially expressed in both the spleen and PSLN experiments
were selected as candidates for real-time RT-PCR validation. These were C1QA,
PARK7, RNF12 and SEPP1. (The gene WDR67 was not identified at the time as due
to a technical problem the sequence for that clone was not available, and FNDC3B
was not selected because it belonged to the same functional pathway as another gene
of interest, ADIPOQ). As these genes were differentially expressed in two different
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tissues we considered them more likely to be differentially regulated with response to
infection.
C1QA expression was much lower in SSBP/1-infected animals compared to mockinfected controls (Fold-change=-2.08, P=0.002). C1QA is a well-known marker of
scrapie infection in mouse brain (Brown et al., 2004; Riemer et al., 2004; Xiang et
al., 2004; Skinner et al., 2006; Xiang et al., 2007; Sorensen et al., 2008). C1Q has
been shown to associate directly with PrPSc (Ishii et al, 1984) and to aid propagation
of scrapie infection (Mabbott et al., 2001).
SEPP1 expression was also lower in SSBP/1-infected animals compared to mockinfected controls (Fold-change=-2.04, P=0.007) In previous studies, SEPP1 was
shown to be up-regulated in terminal scrapie mouse brains (Booth et al., 2004).
SEPP1 is involved in the transport of selenium, a molecule with anti-oxidant
properties, and could have a function in promoting cell survival (Mostert et al., 2000;
Hirashima et al., 2003).
RNF12 expression was increased in the SSBP/1-infected samples compared to mockinfected controls (Fold-change=2.48, P=0.006). Genes from the RNF family, namely
RNF14 and RNF7, were up-regulated in terminal scrapie mouse brains (Brown et al.,
2005). RNF12 is a transcriptional repressor (Bach et al., 1999), and a ubiquitin
ligase, able to target transcriptional activators for proteolysis (Ostendorf et al., 2002).
The gene EGR1 was selected as a candidate for validation as it had previously been
identified in other scrapie gene expression studies (Booth et al., 2004; Sorensen et
al., 2008; Gossner unpublished data), it was strongly up-regulated in the infected
samples compared to the controls (Fold-change=2.51, P=0.002) and its expression
was not variable within groups. Moreover, EGR1 belongs to a functional cluster of
transcription factors which also includes FOS and NR4A2, all of which were
strongly up-regulated, and had also been shown to be up-regulated in previous
expression studies (Brown et al., 2005) which increased our confidence in the
relevance of that pathway.
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The gene RGS1 was selected for the same reasons, namely that it was strongly upregulated (Fold-change=2.48, P=0.002), that two clones and two replicates for each
clone were identified as significantly differentially expressed which gave us more
confidence in the gene, and its expression was not variable within groups. Moreover,
another member of the RGS family, RGS10 was found to be up-regulated in terminal
scrapie mouse brain (Booth et al., 2004). RGS proteins are negative regulators of
GPCR signalling (Watson et al., 1996). One of the functions of RGS1 is to inhibit
lymphocyte migration by making DCs, B-cells, and macrophages less responsive to
pro-migration signals such as cytokines CXCL12, CCL19 and CCL21 (Shi et al.,
2004; Le et al., 2005; Gratschev et al., 2008).
The genes ADIPOQ, NENF, TAC1, and IGHG2 were selected from the lymph node
experiment. None of the genes have previously been associated with scrapie.
ADIPOQ was strongly down-regulated in SSBP/1-infected samples (Fold-change=2.79, P=0.011) and its expression was stable within the infected and control groups.
ADIPOQ (previously known as AMP1) encodes adiponectin, a circulating plasma
protein (Maeda et al., 1996). ADIPOQ plays a role in the reversal of insulin
resistance (Yamauchi et al., 2001), but it is also involved in the negative regulation
of myelomonocytic cell progenitors and macrophage function (Yokota et al., 2000),
and is able to counteract NF-kappa B signalling through a cAMP mediated
meachanism (Ouchi et al., 2000).
Neuron-derived neurotrophic factor (NENF) was strongly up-regulated in SSBP/1infected samples, (Fold-change= 2.44, P=0.001) and its expression was stable
between infected and control groups. NENF (previously known as secreted protein of
unknown function, SPUF), encodes a secreted protein which enhances growth of
mouse neuronal cells in culture, by activating the MAP and PI-3 pathways (Kimura
et al., 2005).
TAC1 was very strongly down-regulated in the SSBP/1-infected animals. This
decrease in expression was consistent as duplicates of two separate clones matching
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the TAC1 sequence were identified as statistically signifactly down-regulated (Foldchange=-5.50, P=0.001, Fold-change=-6.74, P=0.000 for clone CN824292 and Foldchange=-3.54 , P=0.003, Fold-change=-3.47, P= 0.003 for clone CO878084). TAC1
is involved in the regulation of haematopoiesis and in the immune response (Greco et
al., 2004).
IGHG2 was strongly up-regulated in the SSBP/1-infected samples. Two separate
clones matching the IGHG2 sequence were identified as significantly up-regulated
on the array, clone CO894237 in duplicate (Fold-change=2.06, P=0.003 and Foldchange=2.20 P=0.005) , and clone CN823715 (Fold-change=1.84, P=0.013). IGHG2
expression was stable within the control and infected groups. IGHG2 encodes the
heavy chain gamma 2 of immunoglobulin.
The candidate genes and their fulfilment of the selection criteria are presented in
Table 6.1.
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ADIPOQ C1QA EGR1 IGHG2 NENF PARK7 RNF12 RGS1 SEPP1 TAC1

differential expression in both the spleen and PSLN
experiments
high magnitude fold-change (>1.5)

8

9

8

8

8

9

9

8

9

8

9

9

9

9

9

9

9

9

9

9

duplicates both showing differential expression (of the
same trend)
stable expression within control and SSBP/1 infected
groups
non-redundant functional pathways with other selected
genes
support from previous gene expression studies

N/A

9

9

9

N/A

9

9

9

9

9

9

9

9

9

9

9

8

9

9

8

9

9

9

9

9

9

9

9

9

9

8

9

9

8

8

8

9

9

9

8
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Table 6.1 Gene selection criteria for real-time RT-PCR.
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6.2 Development of real-time RT-PCR assay for candidate genes

Table 6.2 A summary of the external primers, detailing the sequence accession numbers,
primer sequence and expected product size.
Gene
ADIPOQ
C1QA

EGR1
IGHG2
NENF
PARK7
RNF12
RGS1
SEPP1
TAC1

Accession number
DQ156120.1
NM_001014945

NM_001142506
X70983.1
BC116106.1
NM_001015572.1
XM 589983
XM_613370.2
AB032826.1
NM_174193.1

Primer Sequence 5’-3’
F

CTTGTTGGTCCTAAGGGTGA

R

AGAGAAGGAAGCCTGTGAAGG

F

ATCCGAGGCCTTAAAGGAGA

R

ACTTGGTAGGGCAGAGCAGA

F

CCACCTCCTACTCCTTCTCTG

R

CCATCTCCTCCTCCTGTCCT

F

CCCGAAAGTCTACCCTCTGAC

R

TCACGCAAGGCGGTTTAG

F

GGGCTCCTCGTCCATAAA

R

AAGGAGTCTCTCCAGAACTTGG

F

ATTTATCCGAGTCCGCTGCT

R

GACCCATCATCAAGCCTCTC

F

AGGTCAGAGTCACGGAATGG

R

GATTCCTGTTTGCCCATCAC

F

TCTCCACGCCAAGGTTAGAC

R

GGGATTCAGACCACTGCTTC

F

AAGCTCTGACGAAAGAGATGC

R

GGATCCCCAAAGACAACCTA

F

AGGGAGAACCTGGAGAAAGTG

R

TGGTAGAGAAGGAAGCCTGTG

Size (bp)
502
661
282

326
691
352
574
240
666
330

As sheep sequences were not available for the genes of interest, primers were
designed based on bovine sequences. The product sizes were designed to be in the
region of 300-600 bp. PCR products for each gene were cloned and sequenced in
order to provide a good quality sheep sequence template for the design of shorter realtime RT-PCR primers. Primers were designed as detailed in Section 2.5.1. Table 6.2
describes the primer properties as well as the mRNA sequences used as a template for
primer design. The TAC1 primers failed to amplify a product.
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PCR products were visualised on agarose gels (Section 2.5.3). When the product was
of the expected size, the PCR reaction was purified (Section 2.5.4), cloned into PGEM T-easy vectors, and used to transform E.coli JM109 cells (Section 2.6). Plasmid
DNA was extracted (Section 2.7) and analysed by restriction digestion (section 2.8)
and sequencing (Section 2.9). The SEPP1 and NENF primers amplified sequences
that did not match the SEPP1 and NENF genes.
Primers for real-time RT-PCR were designed as described in Section 2.5.1 using the
obtained sequences as a template. The ADIPOQ primers were unable to amplify a
product in real-time RT-PCR. The primer sequences and expected amplicon sizes are
listed in Table 6.3.
Table 6.3 A summary of the internal primers, detailing primer sequence and expected
product size.
Gene

Primer Sequence 5’-3’

Size
(bp)

C1QA
EGR1
IGHG2
PARK7
RNF12
RGS1

F

GTCATCACCAACCAGGAGAACG

R

TGTTGAAGTCACAGAAGCCCAAG

F

AGGACAGGAGGAGGAGATGG

R

GTCAAAGGGAATAGGGACTGG

F

AGGAGCCCAGACCTTCATC

R

AGGCGGTTTAGAACACTTGG

F

GAGAACCGTGTGGAGAAAGAC

R

GACCCATCATCAAGCCTCT

F

GCATTACAGAATACACAGAAGGCAAC

R

AAGACTGCTCTACGACAAATAGGACAA

F

TCTCCACGCCAAGGTTAGAC

R

GGGATTCAGACCACTGCTTC

240

172
177
105
167
127
240
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A. C1QA

B. IGHG2

C. PARK7

D. RGS1

E. RNF12

Figure 6.1 Plasmid standard curves for the genes of interest. A. C1QA B. IGHG2 C.
PARK7 D. RGS1 E.RNF12. Concentration is plotted on the x axis and Ct values on the y
axis. All standard curves show optimal efficiency of 1 and data fit of >0.99 for the
concentrations tested, indicating that the optimised reaction conditions result in a wide range
of detection.
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The real-time RT-PCR assay was optimised with regards to primer concentration, and
cDNA concentration as described in Section 2.10.3. The optimised conditions for
each primer are listed in Table 6.4. The standard curves obtained for each set of
primers are shown in Figure 6.1.
Table 6.4 A summary of the optimised conditions for the real-time RT-PCR primers,
including primer concentration and cDNA dilution.
Gene

Primer F (nm)

Primer R (nm)

cDNA dilution

C1QA

250

200

1/40

EGR1

200

200

1/40

IGHG2

150

150

1/40

PARK7

200

200

1/40

RNF12

150

100

1/40

RGS1

200

200

1/40

The samples used in this experiment were FDC-enriched fractions of ovine spleen,
prepared as described in Section 2.3 (experimental procedures carried out by Dr. Lisa
Murphy). Total RNA was extracted from these samples as described in section 2.3.2
(VRQ/VRQ samples were processed by Dr. L. Murphy). The samples used in the
experiment are summarised in Appendix 6.1. The concentration of the RNA samples
was quantified in the ND-1000 spectrophotometer (Section 2.3.5.2) and the results are
provided in Appendix 6.2. The integrity of the RNA samples was analysed using the
Agilent RNA Nano chip as described in Section 2.3.6, The RIN values for each
sample are provided in the appended DVD.
A 500 ng aliquot of each sample was reverse transcribed in triplicate, as described in
Section 2.4.3. The reactions were performed concurrently to minimise experimental
variation. The resulting cDNA was tested by GAPDH PCR (Section 2.5), or GAPDH
real-time RT-PCR (Section 2.10) to verify successful reverse transcription. GAPDH is
a reference gene which is present in high numbers in spleen tissue and was therefore
used as a positive control. A PCR product of the appropriate size was amplified from
every cDNA sample, confirming the success of the reverse transcription reactions.
A non-RT control reaction was included for every sample. The product of each nonRT reaction was used as a template for GAPDH real-time RT-PCR, to exclude the
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possibility of genomic DNA contamination in the RNA samples used in the RT
reaction. There was no GAPDH amplification in any of the non-RT control reactions.
The cDNA was then diluted 1/40, as described in Section 2.4.3, as this was found to
be the optimal concentration (Section 2.10.3.3.) A cDNA pool was made combining
all samples of the same RT group (3 pools in total for each genotype) and used as a
template for a dilution series to assess cDNA quality on each run.
6.3 Selection of reference genes for normalisation
The stability of reference gene expression across time points and infection status was
assessed in order to select the best combination of reference genes. The expression
levels of genes GAPDH, SDHA and YWHAZ were quantified in every available
VRQ/VRQ sample using real-time RT-PCR. The real-time RT-PCR results were
analysed using NormFinder (Section 2.4.10.2). The NormFinder results are listed in
Table 6.5.
Table 6.5 A summary of the NormFinder results for reference gene stability
Gene name

Stability value

Best combination of reference

Stability value

genes
SDHA

0.083

GAPDH

0.058

YWHAZ

0.029

SDHA and YWHAZ

0.032

The combination of SDHA and YWHAZ was revealed as having the most stable
expression pattern in the spleen. There was no variation in reference gene expression
between the infected and mock-infected samples (Table 6.6).
Table 6.6 A summary of the NormFinder results for reference gene intergroup stability
Gene name

Stability value SSBP/1

Stability value controls

SDHA

0.076

0.119

GAPDH

0.042

0.053

YWHAZ

0.013

0.011

The relative expression levels of the genes C1QA, EGR1, IGHG2, RGS1 and RNF12
were quantified at every available time point for animals of the VRQ/VRQ genotype
as described in section 2.10.5.2. The expression levels of the genes of interest were
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quantified three times in separate real-time RT-PCR runs, each time using cDNA
from a different reverse transcription reaction to minimize possible artifacts
introduced by variable reverse transcription reaction efficiencies (Figure 6.2). Within
a run, each sample was assayed in triplicate to minimize possible artefacts arising
from pipetting errors.
9
8
7
6
RT2

5

RT3
4

RT4

3
2
1
0
K229

K331

K349

K328

K362

Figure 6.2 An example of the normalized real-time RT-PCR data. The x axis lists samples
from 75 d.p.i. and the y-axis is the normalized EGR1 expression value obtained by qBase.
Each colour bar represents cDNA from a different RT reaction. Each RT value is a mean of
three experimental replicates. All expression values have been scaled to sample K328.The
error bars represent the standard deviation of the mean.

The results were analysed as described in section 2.10.6. Briefly, each real-time RTPCR run was processed in qBase obtaining a mean of the triplicates for each sample,
normalised to the expression level of the reference genes for the sample and with its
relative expression value scaled to that of one of the controls, (the same control
sample was used as calibrator for all genes at each time point for ease of
interpretation). This was repeated for three separate RT reactions and the normalised
means of the three RTs for each sample were averaged. Finally, the mean expression
levels of the three SSBP/1-infected animals or the two mock-infected animals were
averaged to produce a group mean for each time point. A two-tailed student t-test
assuming equal variances was performed to compare the means of gene expression in
SSBP/1-infected and mock-infected animals.
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6.4. Real-time RT-PCR validation of candidate gene expression in the
spleen
The results for the VRQ/VRQ experiments are summarised in Table 6.7 and the mean
normalised expression levels of the genes of interest in the VRQ/VRQ animals are
shown in Figure 6.3. A comparison between the real-time RT-PCR and microarray
results for 75 d.p.i. is presented in figure 6.8.
Of the six genes assayed, the microarray results were validated for EGR1, with a 3.7fold increase in expression at 75 d.p.i. (P=0.03), in agreement with the 2.5-fold upregulation observed in the array experiment (P=0.002). For the genes C1QA, and
RGS1 the real-time RT-PCR showed the same trend as the array but the differences
were not statistically significant. The genes IGHG2, PARK7 and RNF12 were
virtually unchanged in the real-time RT-PCR experiment.
Table 6.7 Differential candidate gene expression in the spleen of VRQ/VRQ genotype
sheep after SSBP/1 scrapie infection Significant differences in gene expression (P ≤ 0.05)
have been highlighted in bold.
Days post infection
C1QA

EGR1

IGHG2

PARK7

RNF12

RGS1

10

25

50

75

100

125

Fold change

1.23

0.93

0.55

0.31

1.61

3.24

P-value

0.712

0.923

0.494

0.348

0.400

0.242

Fold change

0.99

3.20

3.51

3.71

1.89

1.67

P-value

0.973

0.047

0.043

0.028

0.110

0.329

Fold change

3.20

2.07

1.59

1.33

0.41

1.99

P-value

0.098

0.414

0.432

0.497

0.246

0.236

Fold change

0.98

1.11

0.92

1.01

0.81

1.01

P-value

0.857

0.434

0.504

0.730

0.097

0.924

Fold change

0.89

1.03

1.36

1.13

1.16

1.59

P-value

0.340

0.770

0.019

0.381

0.309

0.037

Fold change

0.92

1.03

1.57

3.10

0.87

0.97

P-value

0.930

0.879

0.595

0.121

0.692

0.970
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A.

B.
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SSBP/1
6

5

*

5

4

control

*

*
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25

50

75

100

125

10
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50

75

100

125

4
3
3
2

2

1

1

0

0
10

25

50

75

100

125

.D.

C.
8

6

7

5

6
4

5

3

4
3

2

2
1

1
0

0
10

15
14
13
12
11
10
9
8
7
6
5
4
3
2
1
0

25

50

75

100

125

E.

6

F.

5
4
3

*

*

2
1
0
10

25

50

75

100

125

10

25

50

75

100

125

Figure 6.3 Relative normalised gene expression in spleen samples following SSBP/1
infection in VRQ/VRQ animals A. C1QA B. EGR1 C. IGHG2 D. PARK7 E. RGS1 F.
RNF12 The x axis represents the time point of sampling. Each bar on the x-axis represents
the mean normalised expression value for the gene of interest between SSBP/1infected (n=3)
or mock-infected animals (n=2), assessed in triplicate and in three separate experiments using
cDNA from different RT reactions. The error bar represents the standard error of the mean.
The y axis represents the normalised expression value obtained from qBase, relative to that of
one of the controls for each time point. Significant differences in expression (p ≤ 0.05) are
denoted by asterisk.

EGR1 expression rose 3.2-fold in SSBP/1-infected VRQ/VRQ samples as early as 25
d.p.i. (P≤ 0.05) and continued increasing until reaching a peak at 75 d.p.i. (3.7-fold
up-regulation, P=0.03). EGR1 levels then started to decrease, with a 1.9-fold change
evident at 100 d.p.i. (not significant P≥ 0.1). Although not statistically significant, the
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trend of elevated expression in the infected samples remained discernible at 125 d.p.i.
(1.67-fold up-regulation, not significant P≥ 0.3).
The levels of IGHG2 were 3.2-fold higher in SSBP/1-infected VRQ/VRQ sheep than
mock-infected controls at the earliest sampling time point of 10 d.p.i. (not significant
P≥ 0.1), before showing a trend of slowly decreasing over the time course of
infection, but rising again at 125 d.p.i..
C1QA expression appeared down-regulated in the SSBP/1 samples by 3-fold at 75
d.p.i., in agreement with the microarray results, however this difference was not
statistically significant (p≥ 0.35).
PARK7 expression levels, contrary to the down-regulation shown in the microarray
experiments, remained unchanged in SSBP/1 samples from 10 d.p.i. to 75 d.p.i.
However, there was a strong trend towards down-regulation at 100 d.p.i. (not
significant P=0.09) before levels increased to match those of the mock-infected
controls at 125 d.p.i.
RNF12 levels were up-regulated by 1.3-fold at 50 d.p.i. (P=0.019) and by 1.6-fold at
125 d.p.i. (significant P≤ 0.04).
RGS1 levels, in agreement with microarray results, were up-regulated by 3.10-fold at
75 d.p.i. (not significant P ≥ 0.12). However, RGS1 expression remained mostly
unchanged at all other time points assayed.
As EGR1 was differentially expressed in multiple time points, it was considered an
interesting candidate for further investigation and its expression was assessed in
samples from the VRQ/ARR and ARR/ARR genotypes. The results are summarised
in Tables 6.8 and 6.9.
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As EGR1 was differentially expressed in multiple time points, it was considered an
interesting candidate for further investigation and its expression was assessed in
samples from the VRQ/ARR and ARR/ARR genotypes. The results are summarised
in Tables 6.8 and 6.9.
Table 6.8 Differential candidate gene expression in the spleen of VRQ/ARR genotype
sheep after SSBP/1 scrapie infection.
Days post infection
EGR1
IGHG2

75

100

150

Fold change

1.93

2.87

1.57

P-value

0.217

0.181

0.517

Fold change

1.17

P-value

0.806

EGR1 expression appeared elevated 1.9-fold in the infected VRQ/ARR samples at 75
d.p.i. (not significant P ≥ 0.2), rising to 2.8-fold at 100 d.p.i., however the difference
did not reach statistical significance (not significant P ≥ 0.18). EGR1 expression in
SSBP/1-infected samples and mock-infected controls reached equivalent levels at 150
d.p.i.
In the ARR/ARR samples, EGR1 expression started increasing at 25 d.p.i. (2.11-fold
change, not significant P ≥ 0.1), remaining elevated at 75 d.p.i. (1.8-fold upregulation,
significant P ≤ 0.002) and 230 d.p.i. (1.59-fold change, significant P ≤ 0.05). The
average difference was smaller in magnitude than in the VRQ/VRQ samples but very
consistent in the available samples.
Table 6.9 Differential candidate gene expression in the spleen of ARR/ARR genotype
sheep after SSBP/1 scrapie infection. Significant differences in gene expression (P ≤ 0.05)
have been highlighted in bold.
Days post infection
EGR1
IGHG2

10

25

75

230

Fold change

1.10

2.11

1.80

1.59

P-value

0.826

0.109

0.002

0.044

Fold change

0.69

P-value

0.584
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IGHG2 expression was also assessed in the VRQ/ARR and ARR/ARR genotypes.
However, the early increase in IGHG2 levels seen in the VRQ/VRQ spleens was not
replicated in either the VRQ/ARR or the ARR/ARR samples at 10 d.p.i., and
therefore no further time points were assayed (Tables 6.8, 6.9).
The mean normalised expression levels of EGR1 and IGHG2 in VRQ/VRQ,
VRQ/ARR and ARR/ARR animals are shown in Figures 6.4, 6.5, 6.6 and 6.7.
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Figure 6.4 Relative normalised EGR1 expression in spleen samples following SSBP/1
infection in VRQ/VRQ animals. The x axis represents the day post infection, the y axis
represents the relative normalised expression value, and the error bars represent the standard
deviation of the mean. Significant differences in expression (P≤ 0.05) are denoted by asterisk.
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Figure 6.5 Relative normalised EGR1 expression in spleen samples following SSBP/1
infection. VRQ/ARR animals The x axis represents the day post infection, the y axis
represents the relative normalised expression value, and the error bars represent the standard
deviation of the mean.
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Figure 6.6 Relative normalised EGR1 expression in spleen samples following SSBP/1
infection. a. VRQ/VRQ animals b. VRQ/ARR animals c. ARR/ARR animals The x axis
represents the day post infection, the y axis represents the relative normalised expression
value, and the error bars represent the standard deviation of the mean. Significant differences
in expression (P≤ 0.05) are denoted by asterisk.
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Figure 6.7 Relative normalised IGHG2 expression in spleen samples following SSBP/1
infection. A. VRQ/VRQ animals B. VRQ/ARR animals C. ARR/ARR animals The x axis
represents the day post infection, the y axis represents the relative normalised expression
value, and the error bars represent the standard error of the mean. Significant differences in
expression (P≤ 0.05) are denoted by asterisk.
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4

real-time PCR
array

3.5
3
2.5
2
1.5
1
0.5
0
C1QA

EGR1

IGHG2

PARK7

RNF12

RGS1

Figure 6.8 Comparison of real-time RT-PCR and array results. The genes are listed on
the x axis and the fold change is shown on the y axis (blue for the fold change obtained in the
real-time RT-PCR experiments, and purple for the fold change from the spleen microarray
experiment). Only EGR1 had a significant change in expression at 75 d.p.i. using real-time
RT-PCR.

The fold-changes obtained with real-time RT-PCR for each gene did not always
correlate with the fold changes obtained using the microarray (Figure 6.8).
The array results were validated for EGR1, where a 3.7-fold difference in expression
(P=0.03) was seen between the SSBP/1-infected animals and mock-infected controls,
higher than the 2.5-fold change seen in the microarray.
None of the other candidate genes had a statistically significant change in expression
at 75 d.p.i. using real-time RT-PCR, even though they did on the microarray.
C1QA showed the same trend of lower expression in SSBP/1-infected samples than
controls in the real-time RT-PCR experiment (Fold-change=0.31 or -3.22, nonsignificant P=0.348) as it did on the microarray (fold-change=0.55, or -2.08,
P=0.005).
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IGHG2 also showed the same trend in the real-time RT-PCR experiment (Foldchange=1.33, non-significant P=0.348) as on the microarray (Fold-change=1.84,
P=0.013); however, the magnitude of the fold-change was smaller, and the difference
was not significant.
PARK7 showed no difference in expression between the SSBP/1-infected and mockinfected animals in the real-time RT-PCR experiment (Fold-change=-1.01, P=0.730),
in contrast to the decreased expression seen in the SSBP/1-infected samples in the
microarray experiment (Fold-change=0.62 or -1.61, P=0.006).
RNF12 also did not appear to vary in expression in the real-time RT-PCR experiment
(Fold-change=1.13, P=0.381), whereas its expression was higher in the SSBP/1infected samples compared to the mock-infected controls in the microarray
experiment (Fold-change=2.48, P=0.006).
RGS1 expression followed the same trend of higher expression in the SSBP/1infected animals in the real-time RT-PCR experiment (Fold-change=3.10, nonsignificant P=0.121) as in the microarray experiment (Fold-change=2.48, P=0.002).
The fold-change was higher in the real-time RT-PCR experiment, however the
difference was not significant.
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6.5 EGR1 expression in VRQ/VRQ blood
Table 6.10 A summary of the buffy coat samples used in the real-time RT-PCR
experiments.
Genotype

d.p.i.

SSBP/1-infected

Mock-infected controls

VRQ/VRQ

25

K321, K309,K358

K336, K285

75

K289, K331, K349

K328, K362

125

K324, K345

K308, K359

EGR1 expression in blood was assessed as part of the pilot real-time RT-PCR study
and no difference was observed between the SSBP/1 and mock-infected animals of
the VRQ/VRQ genotype at 25 d.p.i., 75 d.p.i. and 125 d.p.i. (Chapter 3). However, in
light of the evidence of differential expression of EGR1 in the spleen, the blood
experiment was repeated. Buffy coat RNA from VRQ/VRQ samples at 25, 75 and
125 d.p.i. was reverse transcribed into cDNA as described in section 2.4.4. The
samples used are listed in Table 6.10.
Table 6.11 real-time RT-PCR results for the expression of EGR1 in the VRQ/VRQ buffy
coat samples.
d.p.i
EGR1

25

75

125

Fold change

0.80

0.55

1.86

P-value

0.590

0.500

0.691

Two aliquots from each sample were reverse transcribed concurrently, to minimise
experimental artefacts. A non-enzyme control was included for each sample and used
as a template for GAPDH real-time RT-PCR to eliminate the possibility of residual
DNA contamination. All non-RT controls failed to amplify in the real-time RT-PCR
reaction. Real-time RT-PCR was performed as described in section 2.10.5, using
SDHA and GAPDH as reference genes as this was shown to be the most stable
combination in buffy coat (section 3.6.2).
The real-time RT-PCR was analysed using qBase (section 2.10.6) and the results are
presented in Table 6.11 and Figure 6.9. The fold change represents the ratio of
normalised mean expression in the SSBP/1-infected samples and mock-infected
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samples. The P-value is associated with a two-tailed t-test assuming equal variances.
In agreement with previous results, no difference was observed in any of the time
points tested.
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Figure 6.9 Relative normalised expression levels of EGR1 in the blood of VRQ/VRQ
animals. A. This panel represents the results described in Chapter 3, where the values are
the means of two real-time RT-PCR assays, each using cDNA from three different reverse
transcription reactions B. This panel represents the results described in Table 6.11, where
the value for each sample is the mean of three real-time RT-PCR assays, each using cDNA
from a different reverse transcription reaction. The x axis represents the day post infection,
the y axis represents the relative normalised expression value, and the error bars represent the
standard error of the mean.
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6.6 Assessment of intrinsic variation of EGR1 expression
Table 6.12 Normfinder stability values for genes EGR1, SDHA and YWHAZ in mockinfected samples.
Stability value
VRQ/VRQ VRQ/VRQ VRQ/ARR VRQ/ARR ARR/ARR ARR/ARR
RT4

RT5

RT1

RT3

RT1

RT3

EGR1

0.397

0.426

0.213

0.265

0.150

0.246

SDHA

0.310

0.203

0.218

0.387

0.120

0.233

YWHAZ

0.252

0.323

0.243

0.327

0.278

0.208

Potential surrogate markers of infection are required to have low intrinsic expression
variability, so that changes in their expression can be a reliable indicator of infection.
The range of a marker’s “healthy” variation among the uninfected population has to
be defined, and used as a threshold to distinguish between normal population variance
and disease-induced variation.
To assess the potential of EGR1 as a surrogate marker of pre-clinical scrapie infection
for diagnostic purposes, an experiment was designed to ascertain the intrinsic
variation of EGR1 expression among the mock-infected control spleen samples. An
absolute quantification assay, using a plasmid standard curve, was developed to
measure EGR1 mRNA copy numbers in the mock-infected control samples of all
three genotypes (Section 2.10.2). The dynamic range of EGR1 detection in the assay
was between 2 x 1010 and 564 copies. The expression levels of the two reference
genes SDHA and YWHAZ were also measured using absolute quantification realtime RT-PCR. (The reference gene real-time RT-PCR experiments were carried out
by Neil Bennet).
The quantified results were analysed using Normfinder and geNorm. The Normfinder
results are summarised in Table 6.12.EGR1 expression levels in the mock-infected
control samples were as stable as those of the reference genes. The EGR1 stability
value was always lower than the 0.500 threshold applied to the selection of reference
genes (Vandesompele et al., 2002).

256

CHAPTER 6

IDENTIFICATION OF POTENTIAL DIAGNOSTIC MARKERS

2,500,000

VRQ/VRQ
VRQ/ARR
2,000,000

ARR/ARR

1,500,000

1,000,000

500,000

K187

K202

K230

K231

K229

K471

K210

K241

K234

K147

K181

K158

K225

K156

K359

K308

K363

K299

K362

K328

K290

K319

K285

K336

K315

K337

0

Figure 6.10 EGR1 copy numbers of all mock-infected samples. The normalised mean copy
numbers are depicted on the y axis and the sample numbers are listed on the x axis.
VRQ/VRQ animals are represented in blue, VRQ/ARR animals are represented in purple, and
ARR/ARR animals are represented in orange.

The EGR1 copy numbers were normalised to the expression levels of the reference
genes by dividing with the normalisation factor obtained from geNorm. The
normalisation factor for each sample is provided in Table 6.13 The normalised EGR1
copy numbers for the two separate reverse transcription reactions for each sample
were averaged. The normalised means of the two RTs for each sample are plotted in
Figure 6.10.
Table 6.13 The normalisation factor for each sample calculated by geNorm.
Genotype

RT

DPI

Sample

Normalisation factor

VRQ/VRQ

4

10

K337
K315
K336
K285
K319
K290
K328
K362
K299
K363
K308
K359

1.2230
1.0361
1.2426
1.0377
0.6966
0.8481
1.5575
0.5586
1.5824
0.9842
1.3932
0.5487

25
50
75
100
125
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RT

DPI

Sample

Normalisation factor

5

10

K337
K315
K336
K285
K319
K290
K328
K362
K299
K363
K308
K359

1.1050
1.6263
0.9586
1.0371
0.8259
0.9989
1.4636
0.5573
1.1826
1.0798
1.2633
0.5157

K156
K225
K158
K181
K147
K234

1.1916
1.0304
1.5330
1.0603
0.4154
1.2062

K156
K225
K158
K181
K147
K234

1.2889
1.3611
1.2204
0.8114
0.8181
0.7036

K241
K210
K471
K229
K231
K230
K202
K187

0.6412
0.7860
1.3043
1.5199
1.1290
1.0795
0.9154
0.8972

K241
K210
K471
K229
K231
K230
K202
K187

0.7638
0.6970
1.6105
1.8301
0.6706
1.1009
0.9724
0.8878

25
50
75
100
125
VRQ/ARR

1

75
100
150

3

75
100
125

ARR/ARR

1

10
25
75
230

3

10
25
75
230
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The descriptive statistics of the results, as obtained by analysis with the statistics
software GraphPad Prism 4, are presented in Table 6.14. The level of EGR1
expression with the mock-infected control samples was found to vary within a range
of 0.5 log10 unit (2.1 × 106 to 4.3 × 105 copies in 25 ng total RNA), with a standard
deviation of 476,860 copies/ 25 ng RNA.
Table 6.14 EGR1 transcript copy numbers in mock-infected samples (n=26).
EGR1 copy number per 25 ng RNA
Minimum

427302

25% Percentile

697961

Median

1.1920e+006

75% Percentile

1.5591e+006

Maximum

2.0957e+006

Mean

1.1590e+006

Std. Deviation

476860

Std. Error

93520

Lower 95% CI of mean

966385

Upper 95% CI of mean

1.3516e+006

Coefficient of variation

41.14%
1.0570e+006

Geometric mean
Lower 95% CI of geo. mean

879451

Upper 95% CI of geo. mean

1.2703e+006

Sum

3.0134e+007
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The normality of the distribution was tested using the Kolmogorov-Smirnov test in
GraphPad Prism 4 (Table 6.15). The distribution did not vary significantly from a
normal distribution (P>0.1, NB P-values for this test are approximated as the true
mean and variance of the population are treated as unknown, therefore P-values
higher than 0.1 cannot be calculated with accuracy and are returned simply as P>0.1).
The skewness of the distribution curve was positive, showing a tail to the right, and
the curtosis was negative, showing that the majority of values were clustered in the
centre of the distribution
Table 6.15 Probability distribution statistics of EGR1 copy numbers in mock-infected
samples.
Normality Test
KS distance

0.1223

P-value

P > 0.10

Skewness

0.1696

Kurtosis

-1.157

As the population was shown not to vary from the normal distribution, Pearson
correlation was used to investigate possible correlations between EGR1 copy number
and other factors such as age (expressed as time point of sampling, as all animals were
aged the same at the time of inoculation), and genotype. There was no evidence of
correlation between copy number and age, however copy number appeared to
correlate with genotype (Table 6.16). Comparisons of the mean EGR1 copy numbers
of the different genotype groups using a two-tailed t-test revealed that EGR1
expression was intrinsically higher in the ARR/ARR animals compared to the
VRQ/VRQ animals (Table 6.17).
Table 6.16 Correlation analysis between EGR1 copy number and d.p.i., and EGR1 copy
number and genotype, using Pearson 2-tailed correlation, at the 95% C.I.
Parameter
Number of XY Pairs
Pearson r
95% confidence interval
P-value (two-tailed)
R squared

d.p.i.

genotype
26

26

0.01348

0.4246

-0.3759 to 0.3988

0.04445 to 0.6973

0.9479

0.0306

0.0001817

0.1803
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Table 6.17 Comparison of EGR1 mean expression between genotypes using two-tailed
unpaired t-test with Welch’s correction (i.e. not assuming equal variances) at the 95%
C.I.

P-value
t, df
Difference between

VRQ/VRQ vs
VRQ/ARR
0.0670

VRQ/VRQ vs
ARR/ARR
0.0212

VRQ/ARR vs
ARR/ARR
0.8111

t=2.032 df=11

t=2.554 df=16

t=0.2482 df=7

-485500 ± 239000

-434300 ± 170100

51260 ± 206500

-1012000 to 40440

-794800 to -73750

-437100 to 539600

0.2729

0.2896

0.008724

means
95% confidence
interval
R squared
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6.7 Discussion
Nine candidate genes were selected from the spleen and lymph microarray
experiments (Chapter 5) for real-time RT-PCR validation. All candidates had an
adjusted P-value of ≤ 0.05, and belonged to distinct functional pathways (Chapter 5).
These genes were ADIPOQ (Fold-change=-2.79, P=0.011), C1QA (Fold-change=2.08, P=0.002), EGR1 (Fold-change=2.51, P=0.002), IGHG2 (Fold-change=2.19,
P=0.005), NENF (Fold-change =2.44, P=0.01), PARK7 (Fold-change =-2.05,
P=0.003),

RNF12

(Fold-change=1.69,

P=0.005),

RGS1,

(Fold-change=1.71,

P=0.002). SEPP1 (Fold-change=-1.7, P=0.001) and TAC1 (Fold-change=-5.50,
P=0.001).
External primers were successfully designed for all genes of interest except TAC1.
The products were cloned into P-GEM T-easy plasmids and sequenced. The plasmids
for genes SEPP1 and NENF failed to return correct sequences. All other genes were
successfully sequenced and internal primers were designed for real-time RT-PCR. No
successful primers could be designed for ADIPOQ. The primers failed to amplify
product under real-time RT-PCR conditions, even though a product was amplified in
normal PCR using 1.5 mM MgCl2.
Successful plasmid standard curves were obtained for genes C1QA, EGR1, IGHG2,
PARK7, RGS1, and RNF12. The real-time RT-PCR assay was optimised for each
gene, with regards to primer concentration, and cDNA concentration.
The reference gene stability assay showed that all three reference genes were stable,
both between and within groups, at all time points. None of the genes appeared to be
differentially regulated in response to SSBP/1 infection. The most stable combination
in the spleen was SDHA and YWHAZ, as opposed to GAPDH and SDHA in the
blood.
The real-time RT-PCR assay was reliable, as there was very good reproducibility
between experimental replicates (standard deviation of the replicates’ Ct value was
≤0.20 cycles in most cases), as well as between reverse transcription replicates
(correlation values of ≥0.8 between replicates).
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The microarray results were verified for EGR1 but not for the other genes assayed.
This could reflect the increased sensitivity of the real-time RT-PCR assay compared
to the microarray and the fact that microarray experiments, through the amount of
comparisons performed, are prone to the identification of false positives.
EGR1 expression was also assessed in blood buffy coat of VRQ/VRQ animals at 25,
75 and 125 d.p.i. In agreement with previous results, there was no difference in
expression between the SSBP/1-infected samples and the mock-infected controls at
any of the time points tested.
An important factor in the suitability of a gene as a potential diagnostic marker is the
level of its “normal” variation in a healthy population. A good diagnostic candidate
would ideally have a low level of variation between healthy animals, so that “normal”
ranges can be set and compared to disease-induced variation. AHSP (EDRF), the first
gene shown to be a blood marker of prion infection in mice (Miele et al., 2001), was
found to be highly variable in expression among healthy individuals (Glock et al.,
2003; Appleford et al., 2008), making it unsuitable as a diagnostic marker.
The variation of EGR1 expression was assessed in all available mock-infected
samples using real-time RT-PCR with absolute quantification. EGR1 expression in
the mock-infected controls was found to have a normal distribution, and copy
numbers varied from 4 × 105 to 2 × 106 copies in 25 ng total RNA, with a standard
deviation of 476,760 copies/ 25 ng RNA and a co-efficient of variation of 41.14%. No
correlation was observed between EGR1 copy number and time-point of sampling
using the Pearson correlation test. However, there was a significant correlation
between EGR1 levels and genotype, with ARR/ARR animals expressing significantly
more EGR1 than VRQ/VRQ animals (Table 6.17). The importance of this is unclear.
If EGR1 has a protective role against disease, its intrinsic higher level of expression in
the ARR/ARR animals could be related to the fact that these do not show disease
symptoms. However, it is possible that the difference in intrinsic EGR1 expression is
a consequence of the difference in genetic background and has no biological
significance for prion disease. Other gene expression studies have confirmed that
intrinsic gene expression differences exist between sheep of different genotypes
(Gossner et al., 2008).
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In summary, the expression of six candidate genes was assessed in splenic FDCs of
sheep in the pre-clinical stage of infection with scrapie strain SSBP/1. Two of those
genes were shown to be differentially expressed at various time points after infection
and EGR1 emerged as an interesting candidate for further study.
The EGR1 gene encodes Early Growth Response 1, a transcription factor involved in
the MAP kinase/Erk1/2 signalling pathway. EGR1 has been shown to bind to the
CCL5 gene promoter and drive CCL5 expression in response to PrPSc aggregation
(Marella et al., 2005). EGR1 expression was found to be strongly down-regulated
(3.29 fold) in the brain of mice in the clinical phase of the scrapie infection, at 100
d.p.i (Booth et al., 2004). EGR1 was also shown to be down-regulated in the brains of
mice at the clinical stage of infection with one of three different scrapie strains
(Sorensen et al., 2008). In SSBP/1-infected sheep of the VRQ/VRQ genotype, EGR1
was down-regulated at 25 d.p.i in the thalamus (Fold-change=-2.31, P=0.001) and
frontal cortex (Fold-change=-2.07, P=0.001), but up-regulated at 125 d.p.i. in the
thalamus (Fold-change=1.93, P=0.025) (Gossner et al., unpublished data). This is the
first report of differential expression of EGR1 in preclinical spleen samples in sheep.
EGR1 is an attractive candidate for a surrogate marker of pre-clinical infection, as its
levels rise very early after infection and remain elevated for a sustained amount of
time in the VRQ/VRQ sheep. Elevated expression is also detectable in VRQ/ARR
sheep spleen, even though prion accumulation was not detectable in that organ at any
of the time points tested (Table 5.2). Interestingly, the levels of EGR1 were also
increased in ARR/ARR homozygotes which, although infected, do not develop
clinical disease. As there is no pathology in these animals, the difference in EGR1
levels can not be explained as a result of pathological changes, therefore this finding
raises the possibility that EGR1 is a marker of sub-clinical infection.
Further studies with larger sample numbers would be necessary to more accurately
estimate the extent of differential expression. Expression studies in samples from
other TSEs and non-TSE neurological disease would also be necessary to establish
whether differential expression of EGR1 is specific to TSEs.
Moreover, it would be necessary to quantify the levels of EGR1 protein to establish
whether the increase in transcript levels correlate with increased protein production.
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This was not the case with AHSP, where no correlation was found between the
transcript and protein levels of donors, indicating regulation at the translational level
(Appleford et al., 2008).
If EGR1 is specific to TSEs, it would be a very attractive candidate for the
development of a post mortem diagnostic assay for sheep scrapie and also potentially
for cattle BSE. It could be used in parallel with PrPSc detection, as a complementary
approach to identifying infection in peripheral tissues at early time points of disease,
where PrPSc is not reliably detectable. If the protein levels of EGR1 correlate with the
increased levels of transcript, EGR1 antibodies could be incorporated in rapid prion
detection kits and used in post-mortem screening of cattle, as spleen is not an
accessible tissue for live diagnosis. However, if EGR1 expression is found to vary
reliable in other lymphoid tissues such as the tonsil or third eyelid, EGR1 detection
could be used as an adjunct to PrP-based assays in the case of live animals suspected
of harbouring infection.
Even in the event that EGR1 itself does not fulfil all specificity or sensitivity criteria
for a diagnostic marker, the MAPK pathway is a very attractive target for the
development of other diagnostics. Downstream targets of EGR1 such as CCL5 or
NR4A2 could also be assessed for their suitability as surrogate markers of infection.
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7.0 Final Discussion
Despite great progress in the field of transmissible spongiform encephalopathy
research, the development of a pre-clinical diagnostic test for TSEs remains elusive.
Iatrogenic transmission of vCJD has occurred through transfusion of nonleucodepleted red blood cells from donors in the pre-symptomatic stage of vCJD
infection (Llewellyn et al., 2004; Peden et al., 2004; Wroe et al., 2006). Of the three
known cases of secondary transmission of vCJD infectivity through blood, two
patients developed progressive vCJD symptoms leading to death (Llewellyn et al.,
2004; Wroe et al., 2006), whereas the third did not present with any neurological
symptoms and died of an unrelated medical condition (Peden et al., 2004). On post
mortem examination, PrPSc was detected in this patient’s spleen and cervical lymph
node, but there was no evidence of PrPSc deposition or vCJD-related pathological
changes in the brain. It is highly significant that this patient was of the MV 129
PRNP genotype, which had not previously been associated with vCJD infection,
although experimental infection of humanised VM 129 mice with vCJD had been
shown (Asano et al., 2006). Moreover, the Western blot mobility and glycoform ratio
of the PrPSc found in this patient’s LRS were similar to that found in two appendix
samples (PRNP genotype unknown) in a retrospective study of PrPSc prevalence in
archives of appendectomy and tonsillectomy material (Hilton et al., 2004). This
raises the possibility that VM129 individuals, who represent the largest proportion of
the population, can act as “silent carriers” of infection, transmitting infectivity
throughout their lifetime through blood donation and surgical procedures.
Alternatively, the MV heterozygotes could have a much longer incubation period
than the MM homozygotes. This could explain why no MV heterozygotes have
succumbed to the disease so far, after being exposed to the vCJD prion in the 1990s
through the BSE epidemic. Other prion diseases such as Kuru are known to have
very long incubation times, sometimes longer than 40 years, with the MV
polymorphism predisposing to decreased disease susceptibility and longer incubation
times (Lee et al., 2001; Collinge et al., 2006). Thus, potential prolonged incubation
of vCJD in patients with the less susceptible genotypes could mean that they act as a
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repository of infectivity in the long pre-clinical phase of the disease. Even though
vCJD is the only human prion disease with significant peripheral accumulation of
PrPSc (Hilton et al., 1998; Hill et al., 1999; Ironside et al., 2002), low levels of PrPSc
accumulation have been demonstrated in ocular tissue, skeletal muscle and spleen of
sCJD patients (Glatzel et al., 2003; Head et al., 2003). Furthermore, studies in mice
have shown that chronic inflammation of tissue can promote PrPSc accumulation,
raising the possibility that tissues outside the CNS can be infectious in sCJD or other
prion disease patients with concurrent chronic inflammation (Heikenwalder et al.,
2005). This is supported by a study showing prominent PrPSc accumulation in
skeletal muscle of a sCJD patient also suffering from inclusion body myositis, a
condition causing chronic inflammation of muscle (Kovacs et al., 2004).
Iatrogenic transmission of CJD remains a threat to public health safety as there is
currently no way of detecting pre-clinical or potential sub-clinical infection with CJD
in humans. Decontamination of surgical instruments from PrPSc remains problematic,
and blood filtration is only partially effective in removing infectivity (Cervia et al.,
2006; Lumley et al., 2008). Early detection is necessary both for the prevention of
iatrogenic transmission and for potential early therapeutic intervention.
In the absence of an ante mortem diagnostic test for BSE or scrapie, there is no way
to discriminate between uninfected and pre-symptomatic or sub-clinically infected
animals in an infected flock, making culling the only available option, with major
financial and welfare implications. Moreover, an ante mortem diagnostic test would
be useful in the exclusion of pre-clinically or sub-clinically infected animals from the
food chain, which might not be detected by the PrPSc screening methods currently in
place. For these reasons, the development of an ante mortem diagnostic test is a
clinical and political priority (Department for the Environment, Food and Rural
Affairs (DEFRA), www.defra.govuk/animalh/bse/science-research/tse-diagnostics).
An ideal test would have to be highly sensitive and specific, able to detect disease at
the pre-symptomatic stage, easy to use, high-throughput, and based on an easily
available sample such as blood or urine. Very high sensitivity is essential in order to
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ensure limited occurrence of false negative results, which is necessary in order to
prevent transmission of infectivity. Similarly, a high specificity is also necessary in
order to limit the number of false positive results. This would have major ethical
implications in the case of vCJD, as it is a debilitating disease with no effective cure.
In the case of BSE and scrapie, limiting the occurrence of false positives is very
important to prevent unnecessary culling of animals, which is very costly to the
farmers as well as inhumane. An effective diagnostic test would also need to be able
to detect disease in the pre-symptomatic stage. In the case of human prion disease,
this is important in order to prevent iatrogenic transmission, as well as for potential
early therapeutic intervention. In animals, a pre-symptomatic test is necessary in
order to prevent infected tissues entering the food chain and being consumed by
humans, and also to limit the spread of the disease. Finally, it is necessary that a
diagnostic test can be easy to use, high-throughput and based on an easily accessible
sample so it can be used for large-scale screening of animals, and low cost.
All currently used diagnostic tests are based on the detection of the abnormal prion
protein, PrPSc, as it is the only specific marker of the disease to date. Rapid TSE
assays are specific and sensitive, but they can only be used for post mortem diagnosis
using brain samples, as they are unable to detect small concentrations of PrPSc found
in peripheral tissues (EFSA, 2006). Even though diagnosis through brain biopsy is
possible in humans, it is a very invasive and undesirable option, and brain biopsy is
not applicable to TSE diagnosis in live animals because of its great cost. In general,
PrPSc- based diagnostics suffer from the limitation that PrPSc does not always
correlate with infectivity. Absence of PrPSc does not signify absence of
disease/infectivity as in some prion diseases PrPSc is barely or not detectable (Hsiao
et al., 1990; Medori et al., 1992; Collinge et al., 1995; Lasmezas et al., 1997). On the
other hand, PrPSc is known to accumulate in the brains of scrapie resistant sheep that
do not develop disease when infected naturally (Buschmann et al., 2004). Moreover,
protease-resistant PrPSc has been shown to be present in small amounts in the brains
of healthy humans, as well as uninfected cows and hamsters (Yuan et al., 2006).
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The PMCA method is able to detect PrPSc in blood and urine of pre-symptomatic
TSE infected animals, with low sensitivity in the range of 50-60% (Saa et al., 2006;
Chang et al., 2007; Murayama et al., 2007). However, it is a technique which
currently takes a long time, and cannot be used by non-specialists, making it
unsuitable for large-scale screening. Furthermore, PMCA has been used to create
infectivity de novo (Delault et al., 2007), which could confound results and cause a
public health risk (Grassi et al., 2008).
Other approaches to developing a diagnostic for pre-clinical TSE infection have
focused on the identification of surrogate markers, using transcriptional analysis.
The expression of α-haemoglobin stabilising protein (AHSP, previously known as
EDRF), was shown to be down-regulated in blood from scrapie-infected mice at the
terminal stage of disease, as well as in the blood of BSE-infected sheep at the preclinical stage of disease (Miele et al., 2001). The AHSP transcript was proposed as a
surrogate marker of prion infection that could be used for blood-based diagnosis, but
subsequent studies demonstrated high variability in AHSP expression among healthy
individuals (Glock et al, 2003). A number of erythroid genes, including AHSP, were
found to have variable expression in mouse blood; however, this difference was not
replicated in BSE-infected cattle and scrapie-infected sheep (Brown et al., 2007).
AHSP transcript and protein levels in sCJD and vCJD patients, as well as in scrapieinfected sheep, were not different to those of controls, making AHSP unsuitable as a
diagnostic marker (Appleford et al., 2008).
The hypothesis of this study was that there is differential gene expression in the
blood and/or peripheral tissues of scrapie-infected sheep during the pre-clinical
stages of infection, and that a panel of differentially expressed genes could be
identified and used as surrogate markers of infection. I aimed to identify a
combination of genes whose changes in expression would provide a molecular
“barcode” signature of infection, which could potentially be used for the
development of a PCR-based diagnostic test to distinguish between infected and
uninfected animals.
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The sheep used in this study were New Zealand Cheviots from the DEFRA breeding
flock, infected with scrapie strain SSBP/1, a well characterised model of infection
(Houston et al., 2002). The sheep were of three different genotypes: VRQ/VRQ
which are highly susceptible to SSBP/1 infection with an incubation period of 193 ±
12 days; VRQ/ARR which have intermediate susceptibility with incubation time of
325± 36 days; and ARR/ARR, which present no clinical signs of disease. The route
of infection used was by subcutaneous injection in the shoulder ~10 cm anterior to
the prescapular lymph node, chosen because it has been found to produce more
consistent incubation times than oral infection. The inoculum used was homogenised
SSBP/1-infected sheep brain, and for the mock-infected animals it was healthy sheep
brain. The animals were sacrificed at various times after infection, with an emphasis
on early, pre-clinical time points, and samples were also available from terminal
stage animals. Three SSBP/1 and two mock infected animals were available at each
time point (Table 1.5). Infection was confirmed by immunohistochemical detection
of PrPSc, using the antibodies BG4 (N-terminal epitope) and R145 (C-terminal
epitope) (Hunter et al., 2009). All VRQ/VRQ and VRQ/ARR animals were positive
for PrPSc, whereas in the ARR/ARR animals PrPSc was not detected in any of the
tissues at any of the time points tested.

The histopathology results suggested that PrPSc was disseminated through the
lymphatic system, as the first site of PrPSc accumulation in both the VRQ/VRQ and
the VRQ/ARR animals was the prescapular lymph node, draining the site of
injection. In the VRQ/VRQ animals, PrPSc was detectable at the PSLN as early as 25
d.p.i, whereas in the VRQ/ARR animals PrPSc accumulation in the PSLN occurred
later, at 50 d.p.i. Previous studies of SSBP/1 infection in New Zealand Cheviot
sheep, which showed widespread PrPSc accumulation in peripheral lymphoid organs
(Houston et al., 2002). In agreement with these findings, the VRQ/VRQ animals had
early and widespread PrPSc accumulation in the periphery, with spleen, tonsil and the
PSLN all staining positive for PrPSc at 75 d.p.i. Peripheral PrPSc accumulation was
more limited in the VRQ/ARR animals, with the tonsil first staining positive for
PrPSc at 150 d.p.i. and no detectable PrPSc accumulation in the spleen before terminal
disease. PrPSc was first detected in the brain of VRQ/VRQ animals at 125 d.p.i., and
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in the brain of VRQ/ARR animals at 230 d.p.i., reflecting the longer incubation
times. At terminal disease, occurring at 193 ± 12 d.p.i. for the VRQ/VRQ animals and
325 ± 36 d.p.i. for the VRQ/ARR animals, brain samples were positive for PrPSc in
all regions for all animals tested (Hunter et al., 2009). Vacuolation was only
observed in brains of animals at terminal stages of the disease, and even then it was
limited, in agreement with previous findings with SSBP/1 infection (Houston et al.,
2002)
The histopathology results informed the choice of samples used in my experiments.
The first experiment I undertook was a small-scale real-time RT-PCR study of gene
expression in blood buffy coat, with candidate genes selected from published studies
of scrapie. Most of the published studies at the time utilised mouse models of
scrapie, and focused on gene expression in the brain, mainly in terminal stages of the
disease. Whether there would be a direct correlation of these results from mouse
models to sheep scrapie gene expression changes was not certain, especially as I was
interested in changes in the periphery and at pre-clinical time-points, with a view to
developing a diagnostic PCR assay. However, I hypothesised that at least some of the
gene expression changes seen in mouse brain would be brought about by the
infectious agent, as well as in response to PrPSc accumulation, both features that are
also present in the periphery. Therefore, I hypothesised that it would be possible to
observe these changes in cells or tissues outside the CNS.
As the overall aim of this project was to identify genes whose expression changes in
scrapie infection could be used as a basis for the development of a diagnostic PCR
assay, blood was the obvious sample of choice. This was because blood is easily
accessible, and that is an important consideration for a large scale diagnostic test.
Blood is relevant to TSE pathogenesis as it is known to harbour infectivity in ovine
scrapie (Houston et al., 2000), ovine BSE (Sisó et al., 2006), CWD (Mathiason et al.,
2006), and vCJD in humans (Llewelyn et al., 2004; Peden et al., 2004; Wroe et al.,
2006). Blood is thought to play a role in dissemination of the infectious agent
throughout the body (Jeffrey and González, 2007). I expected to see changes in blood
relating to these events. Moreover, as lymphocytes from blood circulate to the PNS
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and peripheral lymphoid organs, where they could come into contact with PrPSc, I
hypothesised that it would be possible to detect disease-related gene expression
changes in blood lymphocytes.
For this study I chose to focus on the VRQ/VRQ animals, because they were the
most susceptible to infection, and had more extensive PrPSc accumulation in the
periphery as well as shorter incubation times than the other genotypes (Houston et
al., 2002; Hunter et al., 2009). The aim of the experiment was to ascertain gene
expression differences between SSBP/1-infected and mock-infected animals in the
pre-clinical stage of the disease. This was intended as a small-scale study initially,
with the plan to expand to other genotypes if differences in expression were
identified.
For the same reason, three time-points were initially selected, with a view to assay
additional time-points if differences in expression were identified (for this reason,
expression of one of the genes of interest was additionally assayed at 10 d.p.i). The
choice of time-points was informed by histopathology results for the accumulation of
PrPSc. All three time-points were pre-clinical, as the aim of the study was to identify
changes that could be used for the development of a pre-clinical diagnostic assay.
The first time-point I decided to use was 25 d.p.i., as this was when PrPSc
accumulation was first detected in the periphery. The second time-point I chose was
75 d.p.i., when PrPSc accumulation became widespread in the periphery, with all
three infected animals staining positive for PrPSc accumulation in the PSLN, one
animal staining positive for PrPSc in the tonsil and two animals staining positive for
PrPSc in the spleen for the first time. Finally, the 125 d.p.i. time-point was chosen as
it was the first time when PrPSc became detectable in the brain.
I assessed the expression of nine candidate genes identified from gene expression
studies of scrapie-infected mouse brain, some of which had also been shown to vary
in SSBP/1-infected sheep brain (Gossner et al., unpublished data). The genes CCL5,
CCR5 and NCKAP1 were found to be expressed at very low levels and were
excluded from the experiment, as the assay was not sensitive enough to detect
differences at such low levels of expression. The relative expression of genes B2M,
C1QB, CTS7, EGR1, HBB and FDFT1 was assayed at 25, 75 and 125 d.p.i. in
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VRQ/VRQ sheep. No significant differences in gene expression were observed. This
was perhaps not surprising as the candidate genes had been identified in brain and for
the most part at the clinical stage of disease, whereas I was assessing their expression
in pre-clinical time points in sheep blood. Moreover, the power of the experiment
was limited by the small sample number of SSBP/1 infected (n=3) and mock infected
animals (n=2) at each time point. Furthermore, the buffy coat fractions are
heterogeneous in terms of cell-type composition. They contain varying percentages
of lymphocytes (T-cells, B-cells, Natural Killer (NK) cells), granulocytes
(neutrophils, eosinophils and basophils) and monocytes. Typically, the most
abundant cell type are neutrophils (~50%). Eosinophils and basophils are quite rare,
making up between 3-4% and <1% of the total cell count respectively. Lymphocytes
usually make up between 25-45% (of which helper T-cells make up ~45%, B-cells
make up ~23%, NK cells make up ~7%, cytotoxic T-cells make up ~19% and γδ Tcells make up a very small percentage, <1%). Monocytes are also quite rare making
up between 2-8% of the total. It is possible that expression changes in the less
abundant cell types were not identified as they could be obscured by the expression
profiles of the more abundant cells. Moreover, it is also possible that differences in
the relative abundance of the same cell type might lead to variation in copy numbers
between samples, i.e. if the expression of a gene was up-regulated in B-cells the
same gene might appear to have lower copy numbers in a sample with fewer B-cells.
A way to avoid this problem would be to further characterise the buffy coat fractions
in terms of cell-type composition using FACS analysis and cell-sorting.
In order to conduct a more in-depth analysis, I proceeded to screen a much larger
number of potential candidate genes, using the BOV20K array, an EST microarray
containing sheep and cattle sequences from brain and spleen libraries.
The BOV20K array contains ~20,000 sequences, the vast majority of which are
bovine, from brain (10,000 sequences), stimulated macrophages (5,000 sequences),
ovary, uterus (757 sequences), liver, spleen, lymph node and bone marrow libraries
(2,902 sequences), as well as ~2,000 ovine sequences from brain and spleen libraries
from scrapie-infected and control animals (Gossner and Hopkins, 2008.)
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The individual libraries have been described in the past, and they have all been
successfully used with bovine samples. The 5K bovine macrophage library was
described by Jensen and colleagues (Jensen et al., 2006), and used to characterise the
response of cattle to the parasite T. annulata (Jensen et al., 2007).
Ideally, an array comprising entirely of sheep-derived sequences would be used to
measure gene expression in sheep. However, at the time of array design, there were
no well-characterised ovine libraries available, and developing new libraries is a
costly and time-consuming process, as it requires a large amount of cloning and
sequencing. The study of sheep samples using arrays containing bovine sequences
has been suggested as a viable alternative, due to the high sequence identity between
the two species (Kijas et al., 2006). Protein-coding sequences from bovine and ovine
gene transcripts were compared and found to be 97% identical (Kijas et al., 2006).
The study compared the bovine and ovine sequence of two sets of genes, the first one
comprising 88 immune gene transcripts and the second comprising 32 randomly
selected gene transcripts. The nucleotide sequence diversity, expressed as percentage
of nucleotide substitutions per site, was found to be 2.92 ± 0.08 % for the 88 immune
gene transcripts and 2.86 ± 0.10 % for the 32 randomly selected transcripts. As the
difference was consistent in the two groups of genes, the authors concluded that the
samples were likely to be large enough to represent the true population levels of
sequence diversity. These findings suggested that it would be feasible to use bovine
microarrays to study gene expression in sheep.
Indeed, arrays comprising cattle sequences have been successfully used to identify
differential expression in sheep in previous studies.

A targeted cDNA array

containing 168 sequences from immune-endocrine bovine genes was developed and
used to characterise gene expression in bovine, ovine and porcine peripheral blood
mononuclear cells (PBMCs) stimulated with the mitogens concavalin A (ConA) and
lipopolysaccharide (LPS) (Tao et al., 2004). The ovine and porcine samples
hybridised to 91-95% of the genes and showed the same expression patterns as the
bovine samples, indicating that the high sequence identity between the three species
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allows for the use of the bovine array to study gene expression in sheep and pigs. A
larger cDNA array, comprising 6,887 bovine sequences from genes involved in
innate immunity, was developed and used to characterise samples from unstimulated
bovine and ovine PBMCs (Donaldson et al., 2005). Once again, the results
demonstrated that the array was able to efficiently detect ovine gene expression, with
the ovine sample hybridising to just 6% fewer genes than the bovine sample.
Moreover, the earlier version of the BOV20K array, the Cattle 15 K array (A-MEXP609) has successfully been used to study melatonin regulated genes in the ovine
pituitary pars tuberalis, and found the hybridisation of sheep genes to cattle
sequences to be greater than 90% (Dupré et al., 2008).
The microarray approach was chosen for its potential in identifying novel candidates.
For economic reasons, it was not possible to perform microarray experiments for all
three sheep genotypes available, therefore the VRQ/VRQ genotype was selected. As
these animals have widespread PrPSc accumulation in the periphery, I hypothesised
that any changes in gene expression related to PrPSc deposition would be more easily
detectable in the VRQ/VRQ animals. I decided to focus on the time-points of 25
d.p.i, 75 d.p.i and 125 d.p.i. All three time-points chosen preceded the appearance of
clinical symptoms, which happened at 193 ± 12 d.p.i. for these animals. The 25 d.p.i
corresponded to early infection, when PrPSc was first detectable PrPSc in the PSLN;
75 d.p.i corresponded to an intermediate point in the progress of infection, where
PrPSc was widespread throughout peripheral lymphoid tissues; and 125 d.p.i
corresponded to a late stage of infection, when PrPSc became detectable in the brain.
The microarray study was intended as an initial large-scale screen, to establish a
number of candidate genes. I planned to validate the findings with real-time RTPCR. Once a set of candidate genes with confirmed differences in expression was
established in the VRQ/VRQ animals, I proposed to assess their expression in all
other time-points and genotypes.
Gene expression levels in blood samples from SSBP/1 infected VRQ/VRQ sheep at
25, 75 and 125 d.p.i were compared to those of mock-infected controls. Following
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normalization and correction for false discovery rate of 5%, no statistically
significant changes in expression could be identified. This could be due to the
hypothesis being wrong, meaning that there was a true lack of differential
expression, but this seems exceedingly unlikely given the important role of blood in
TSE disease, its ability to transmit infectivity in sheep (Hunter et al., 2002), and the
evidence for differential expression in blood in other studies (Miele et al., 2001;
Brown et al., 2007). The microarray slides' sensitivity and powers of detection were
hampered by large variation in spot quality among different slides, with some of the
slides containing more than 70% of spots in the unusable D and E quality margins,
greatly limiting the number of meaningful comparisons. As all aRNA and labelling
reactions were extensively quality assessed prior to hybridisation (Section 4.4), we
can exclude the possibility that the variation arose from the processing of the
samples. It is rather more likely that it was an effect related to the microarray slides,
which could occur from either the hybridisation conditions or the array printing. As
all slides were hybridised concurrently in an automated hybridisation station, which
should minimise hybridisation artefacts, the most likely explanation appears to be
variation in printing quality. As this was a commercial array, I expected that all
slides would have been quality-controlled at the printing stage, to ensure that all
features (spots) on the array were available, i.e. present and of a good enough quality
to reliably hybridise to the sample, should the gene be expressed. This would mean
that probe was spotted on the array on all expected positions, that the size of spots
was uniform (controlled diameter of 100 μm as specified on GAL file), that the
distribution of probe was uniform on each feature (i.e. no artefacts such as “ringing”
and “doughnuting”). It would also mean that the features were comparable
throughout the slide (i.e. that spatial effects related to the printing process, e.g.
because of drying out of the source plates, would be minimised), and that the features
were comparable between slides. However, this was not the case, and a number of
printing artefacts were consistently observed throughout the slides (Figure 4.3,
Figure 4.4). The size of the printed features was very variable, with some spots
having larger diameter than expected, and some having much smaller diameter than
expected. “Merged” spots were also a common occurrence. This was observed both
in slides with low background and those with high background. Therefore, it was not

277

CHAPTER 7

FINAL DISCUSSION

a consequence of hybridisation conditions. It was also observed in slides with
different samples hybridised on them, so it was not sample-specific.
The poor spot quality of a large number of arrays in this experiment meant that the
amount of meaningful comparisons was greatly reduced. As much as 70% of features
were unusable on many slides, and at best the amount of usable spots did not exceed
50% (Appendix 1, Table 3). The statistics comparing gene expression between the
SSBP/1-infected and mock-infected animals were reliant upon the replication of
different spots between samples, where consistency provided a measure of
confidence (eBayes). Therefore, the variability of spot quality between slides could
have hindered identification of differentially expressed genes. Moreover, even within
individual slides, printing artefacts could have a major effect on normalisation. Loess
normalisation was weighed for spot quality, meaning that good quality spots affected
normalisation more than poor quality ones. The quality measure used was the
Bluefuse confidence flag, which is calculated based on features such as spot
diameter, circularity and uniformity, all of which are affected by printing. Therefore,
genes hybridising to badly printed spots would have had a low confidence value.
Another factor affecting the sensitivity of the experiment could be the choice of
sequences on the array. As the array contains sequences from EST libraries and not
the complete genome, it is possible that transcripts from the blood samples were not
represented on the array and escaped detection. However, this is unlikely to be the
cause of major loss of information, as the array does contain sequences from scrapieinfected sheep spleen and we would expect white blood cells to have a similar
expression profile to cells of the spleen. Still, as the array contains 20,000 mostly
unique sequences, but the average mammalian genome has between 20,000-30,000
expressed genes, it is possible that some transcripts were not represented on the array
(Waterston et al., 2002; Kirkness et al., 2003; Gibbs et al., 2004; International
Human Genome Sequencing Consortium, 2004). A better array platform for this type
of analysis would be one of incorporating the entire sheep genome. This was not
available when the array was designed, but would be feasible now as the sheep
genome sequence is nearing completion (Dalrymple et al., 2007).
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The method of normalisation used could also have an effect on the identification of
differentially expressed genes, as it is possible that it removed real differences as
well as experimental artefacts. Loess smoothing has been shown to compress foldchange more than linear fitting (Wang et al., 2006).
Microarray experiments in general suffer from high numbers of false positive results,
a consequence of the high number of comparisons performed. On our slides, 20,000
spots were printed in duplicate, giving 40,000 comparisons on just one array.
Correction for false discovery rate of 5% was our approach to address this problem
but could potentially exclude real differences. Microarrays also suffer from high
numbers of false negative results, because of their inherent poor sensitivity compared
to other gene expression quantification techniques. This is harder to correct for and
was not addressed in this study. A study comparing the specificity and sensitivity of
commercial one-colour and two-colour arrays using TaqMan real-time PCR as a
“ground truth” standard, estimated the sensitivity of two-colour Agilent arrays as
71% and the specificity as 50% (Wang et al., 2006). Some of the false negatives
occur because many statistical analysis methods tend to favour the detection of highintensity spots when it comes to identifying differential expression (Evans et al.,
2003), which would be a problem in our study as many spots were low-intensity.
Other types of microarray experiment, such as one-colour, non-competitive
hybridisation arrays, such as the commercially available Affymetrix and Applied
Biosystems arrays, do not require the same level of normalisation. Using this type of
array was not an option in this study, as no ovine-genome commercial arrays were
available. The Affymetrix Bovine Genome has since been released; however, despite
the high sequence identity between the two species, the use of ovine samples on the
Bovine Genome chip remains an unattractive option. As the Affymetrix system relies
on detection of signal on short, overlapping probe sequences (25-mers) for each
gene, and calculates a presence/absence ratio for each gene based on sample
hybridisation to these groups of 25-mers, small differences in gene sequences
between the ovine and bovine genomes would have a big effect on hybridisation and
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data interpretation. . At the time, our array with both bovine and ovine ESTs was the
most relevant in terms of probe sequences. Moreover, even one-colour array systems
suffer from limited sensitivity, as highly abundant transcript sequences are detected
more readily than medium- or low-abundance ones which constitute the majority of
unique transcripts in some tissues (Evans et al., 2002). In the commercial array
comparison study, the Applied Biosystems one-colour array was found to have
71.6% sensitivity and 71% specificity (Wang et al., 2006). A 60-mer bovine genome
microarray containing 43,800 sequences has become available from Agilent
Technologies. This would be a more attractive option but was not available at the
time.
As gene expression analysis of blood samples was uninformative, I decided to focus
on peripheral lymphoid samples and lymph node. The spleen is intimately involved
in scrapie (including SSBP/1) pathogenesis, being a site of early prion replication
(Fraser et al., 1996; Brown et al., 1999) and neuro-invasion (Mabbot et al., 2000;
Prinz et al., 2003). Differential gene expression associated with prion infection has
been shown to occur in the spleen, with reduced AHSP transcript levels found in
both mouse and sheep spleens (Miele et al., 2002). Once candidates were identified
in the spleen using the microarray, I planned to assess their expression in blood using
the more sensitive technique of quantitative real-time RT-PCR. The prescapular
lymph node is the draining node at the site of infection in this model, and the first
site of PrPSc accumulation (Hunter et al., 2009).
However, because the microarray was not able to detect gene expression changes in
blood, I was not certain that it would be possible to identify changes in gene
expression in spleen and lymph using this tool. Therefore, instead of repeating the
experimental design adopted for the blood experiment (three time-points and dyeswap), a pilot experiment was conducted, limited to a single time-point with no dyeswap, in order to investigate whether there was any evidence of differential
expression using this tool. I planned to validate any differences in expression using
real-time RT-PCR, and also to assess the expression levels of validated genes in all
available VRQ/VRQ time-points. I also planned to assess the expression of any
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genes that were confirmed as having differential expression in the spleen in the blood
samples.
Two microarray experiments were performed by Dr.A.Gossner to assess differential
expression in spleen samples enriched for follicular dendritic cells and in the
prescapular lymph node (PSLN), using samples from SSBP/1-infected and mock
infected sheep at 75 d.p.i. The VRQ/VRQ genotype was chosen because it was
shown to have more widespread peripheral deposition of PrPSc than the VRQ/ARR,
and 75 d.p.i was chosen as it was the first time-point when PrPSc was detectable in
both the spleen and the PSLN.

A number of genes were identified whose expression was statistically significantly
different between the infected and control animals. Analysis of the results from the
SSBP/1 infected spleen and PSLN samples revealed a decrease in the levels of genes
involved in the immune response, particularly antigen presentation, and leukocyte
migration (Section 5.6.6). PrPC is known to be up-regulated on activated
lymphocytes, possibly providing increased availability of substrate for the
conversion of PrPSc on those cells (Mabbott et al., 1997; Ballerini et al., 2006);
furthermore, PrPSc is suggested to disseminate through cells expressing C1q (Klein et
al., 2001). Therefore, the apparent down-regulation of antigen presentation and
leukocyte migration in the SSBP/1-infected animals could be a protective mechanism
against the replication and spread of PrPSc. G-protein coupled signalling appeared to
be reduced and the MAPK/ERK pathway appeared to be up-regulated in the SSBP/1infected animals (Sections 5.6.4, 5.6.5). The MAPK/ERK pathway has previously
been shown to be up-regulated in response to PrPSc (Lee et al., 2005; Marella et al.,
2005). The up-regulation of RGS1, a negative regulator of G-protein coupled
signalling, could be related to the decrease in the expression levels of genes involved
in leukocyte migration, of which RGS1 is a negative regulator (Shi et al., 2004; Le et
al., 2005; Gratschev et al., 2008). Ubiquinon metabolism, oxidative stress response
and cell cycle and apoptosis also emerged as possible mechanisms affected by
SSBP/1 infection. Ubiquitin proteolysis appeared to be up-regulated in both the
spleen and the PSLN of SSBP/1 infected animals (Section 5.6.3), potentially as a
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protective response against the accumulation of misfolded PrPSc, similar to the
mechanism seen in other proteinopathies (reviewed by Rubinsztein, 2006). Several
genes involved in oxidative stress and anti-oxidant defence such as PARK7 and
SEPP1 appeared to be down-regulated in the spleen and the PSLN of SSBP/1infected animals (Section 5.6.8). Increased sensitivity to oxidative stress and
impaired anti-oxidant defence is a common feature of prion infection (Milhavet and
Lehmann, 2002). The transcript levels of genes involved in cell proliferation
appeared decreased in the PSLN samples (Section 5.6.9), whereas apoptosispromoting genes appeared up-regulated in the same samples (Section 5.6.10). This
could be a secondary effect of PrPSc- induced changes such as oxidative stress or
dysfunction of the UPS. Variation in expression of genes involved in RNA
processing and splicing was apparent in the spleen and PSLN of SSBP/1-infected
animals. This could be related to general up-regulation of transcription within the
cell, caused by up-regulated MAPK/ERK signalling (Section 5.6.5). The differential
regulation of RNA processing and splicing could also be a means of regulating other
processes that are occurring in the cell such as immune response, oxidative stress
response and cell cycle control.
Several of the differentially expressed genes had also been identified in previous
scrapie gene expression studies. In general, genes that appeared to have increased
expression in other studies were shown to have decreased expression in the spleen. A
possible explanation could be that the majority of these studies involved mouse brain
samples at clinical stages of disease, whereas I looked at peripheral sheep tissues at
an early, pre-symptomatic stage of infection. Therefore, it is possible that I am seeing
an expression program reflecting an early response to infection, which gets deregulated in the brain at the late stages and causes apoptosis and general pathology
leading to the disease symptoms.

Nine candidate genes were selected from the spleen and lymph microarray
experiments (Chapter 5) for real-time RT-PCR validation. All candidates had an
adjusted P-value of ≤ 0.05, and belonged to distinct functional pathways. These genes
were ADIPOQ (Fold-change=-2.79, P=0.011), C1QA (Fold-change=-2.08, P=0.002),
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EGR1 (Fold-change=2.51, P=0.002), IGHG2 (Fold-change=2.19, P=0.005), NENF
(Fold-change=2.44, P=0.01), PARK7 (Fold-change=-2.05, P=0.003), RNF12 (Foldchange=1.69, P=0.005), RGS1, (Fold-change=1.71, P=0.002). SEPP1 (Foldchange=-1.7, P=0.001) and TAC1 (Fold-change=-5.50, P=0.001).
It was not possible to design a real-time RT-PCR assay for genes ADIPOQ, NENF,
SEPP1 and TAC1 (Section 6.2). The expression of the remaining six candidate genes
was assessed in splenic FDCs of sheep in the pre-clinical stage of infection with
scrapie strain SSBP/1 at 10, 25, 50, 75, 100 and 125 d.p.i. The microarray results
were verified for EGR1 but not for the other genes assayed. This could reflect the
increased sensitivity of the real-time RT-PCR assay compared to the microarray, and
the fact that microarray experiments, through the amount of comparisons performed,
are prone to the identification of false positives. Four of the candidate genes were
shown to be differentially expressed at various time points after infection. From
these, EGR1 was selected as an interesting candidate for further study, as its
expression rose by 3.2-fold in SSBP/1 infected VRQ/VRQ samples at the early time
point of 25 d.p.i. (P≤ 0.05) and continued increasing until reaching a peak at 75
d.p.i. (3.7-fold up-regulation, P=0.03), before gradually decreasing at 100 d.p.i. (1.9fold up-regulation, not significant P=0.1) and 125 d.p.i. (1.67-fold up-regulation, not
significant P=0.3). The expression of EGR1 was also assessed in VRQ/ARR animals,
where there was a trend towards up-regulation at 75 d.p.i (1.9-fold up-regulation, not
significant P=0.2), and 100 d.p.i., (2.8-fold change, not significant P=0.18), but no
significant differences in expression. Interestingly, EGR1 expression was also upregulated in ARR/ARR samples, where it started increasing at 25 d.p.i. (2.11-fold
change, not significant P= 0.1), remained elevated at 75 d.p.i. (1.8-fold up-regulation,
P =0.002) and 230 d.p.i. (1.59-fold change, P =0.05).
No difference in EGR1 expression could be detected in blood buffy coat of
VRQ/VRQ animals at 25, 75 or 125 d.p.i. The intrinsic variation of EGR1 expression
was assessed in all mock-infected VRQ/VRQ samples using quantitative real-time
RT-PCR. EGR1 transcript copy numbers were found to follow a normal distribution,
and copy numbers varied from 4 × 105 to 2 × 106 copies per 25 ng total RNA, with a
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standard deviation of 476,760 copies per 25 ng RNA and a co-efficient of variation
of 41.14%. No correlation was observed between EGR1 copy number and time-point
of sampling using the Pearson correlation test. However, there was a significant
correlation between EGR1 levels and genotype, with ARR/ARR animals expressing
significantly more EGR1 than VRQ/VRQ animals (Table 6.17). The importance of
this is unclear. If EGR1 has a protective role against disease, its intrinsic higher level
of expression in the ARR/ARR animals could be related to the fact that these do not
show disease symptoms. Other gene expression studies have confirmed that intrinsic
gene expression differences exist between sheep of different genotypes (Gossner et
al., 2008).
The EGR1 gene encodes Early Growth Response 1, a zinc-finger transcription factor
involved in the MAP kinase/Erk1/2 signalling pathway, first identified as an
immediate-early gene induced following stimulation with growth factors (Milbrandt
et al., 1987). The Erk1/2- activated genes FOS and NR4A2 were also shown to be
up-regulated in the spleen array, suggesting involvement of this pathway in SSBP/1
infection. EGR1 has been shown to be up-regulated in response to PrPSc
accumulation in mouse brains (Marella et al., 2005), as well as following
accumulation of the toxic PrP (106-124) peptide in a neuronal cell-line cultured from
embryonic mouse brains (Gavin et al., 2005). Therefore, it is possible that EGR1 upregulation in the spleen reflects early prion accumulation, which was detectable in
2/3 SSBP/1-infected VRQ/VRQ animals at 75 d.p.i. However, elevated expression
was also detectable in VRQ/ARR sheep spleen, even though prion accumulation was
not detectable in that organ at any of the time points tested. Moreover, the levels of
EGR1 were also increased in ARR/ARR homozygotes which do not accumulate
PrPSc at any stage in any of the organs tested, and even though infected, do not
develop clinical disease. As there is no pathology in these animals, the difference in
EGR1 levels can not be explained as a result of pathological changes, therefore this
finding raises the possibility that EGR1 is a marker of sub-clinical infection.
ARR/ARR animals have also been shown to have increased levels of manganese in
their blood, as a result of experimental scrapie infection (Hesketh et al., 2007).
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Contrary to the up-regulation seen in the spleen, EGR1 expression was found to be
strongly down-regulated (3.29 fold) in the brain of mice in the clinical phase of the
scrapie infection, at 100 d.p.i (Booth et al., 2004), and at the clinical stage of
infection with one of three different scrapie strains (Sorensen et al., 2008). In
SSBP/1-infected sheep of the VRQ/VRQ genotype, EGR1 was down-regulated at 25
d.p.i in the thalamus (Fold-change=-2.31, P=0.001) and frontal cortex (Foldchange=-2.07, P=0.001), but up-regulated at 125 d.p.i. in the thalamus (Foldchange=1.93, P=0.025) (Gossner et al., unpublished data). ERK up-regulation has
been suggested to have a protective role against PrPSc-induced apoptosis (Uppington
et al, 2008); therefore, down-regulation of ERK and the resulting down-regulation of
EGR1 at terminal disease could abolish this protective effect, leading to neuronal
apoptosis and brain pathology.
This is the first report of differential expression of EGR1 in pre-clinical spleen
samples in sheep scrapie. EGR1 is an attractive candidate for a surrogate marker of
pre-clinical infection, as it appears to be up-regulated in infected animals regardless
of PrPSc deposition and is detectable at early time points. Due to lack of time, it was
not possible to assess the levels of EGR1 expression in other peripheral tissues
available in this study such as the lymph node and tonsil. This would be a very
interesting project to pursue. Further studies with larger sample numbers would also
be necessary to more accurately estimate the extent of differential expression of
EGR1 in scrapie. Furthermore, expression studies in samples from other TSEs such
as BSE, CWD and vCJD, would be necessary to establish whether differential
expression of EGR1 is a shared feature of different TSEs. Finally, assessment of
EGR1 expression levels in samples from non-TSE neuropathological disease such as
listeriosis or Maedi-Visna virus infection in sheep, or human neurodegenerative
diseases such as Alzheimer’s disease or Parkinson’s disease, would also be necessary
to establish whether differential expression of EGR1 is specific to TSEs.
Moreover, it would be necessary to quantify the levels of EGR1 protein to establish
whether the increase in transcript levels correlate with increased protein production.
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This was not the case with AHSP, where no correlation was found between the
transcript and protein levels of donors, indicating regulation at the translational level
(Appleford et al., 2008). However, EGR1 protein levels were found to correlate with
increased transcript in a mouse neuronal cell line, increasing our confidence that the
same could be true in sheep (Gavin et al., 2005).
If EGR1 up-regulation is specific to TSEs, it would be a very attractive candidate for
the development of a diagnostic test performed post mortem in abattoirs, on animals
destined for human consumption. This would be particularly relevant for animals at
early stages of sheep scrapie and also potentially cattle BSE. It could be used in
parallel with PrPSc detection, as a complementary approach to identifying infection in
peripheral tissues at early time points of disease, where PrPSc is not reliably
detectable. The diagnostic could take the form of a multiplex PCR for the detection
of EGR1 in conjunction with other diagnostic markers. If the protein levels of EGR1
correlate with the increased levels of transcript, EGR1 antibodies could be
incorporated in rapid prion detection kits and used in post mortem screening of cattle,
as spleen is not an accessible tissue for live diagnosis.
However, if EGR1 expression is found to vary reliably in other lymphoid tissues
such as the tonsil or third eyelid, EGR1 detection could be used as an adjunct to PrPbased assays in the case of live animals suspected of harbouring infection, either as a
PCR test for EGR1 transcript levels or an antibody-based method for the
quantification of EGR1 protein.
Even in the event that EGR1 itself does not fulfill all specificity or sensitivity criteria
for a diagnostic marker, the MAPK pathway is a very attractive target for the
development of other diagnostics, and downstream targets of EGR1 could also be
assessed for their suitability as surrogate markers of infection.
As well as further validation of EGR1, it would be very interesting to continue
validation of other candidates in spleen and lymph with real-time RT-PCR. Also, it
would be very interesting to assess gene expression in SSBP/1-infected blood using
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an alternative method such as ultra-high-throughput mRNA sequencing, such as the
RNAseq application developed by Illumina (formerly Solexa). This technology
provides absolute quantification of mRNA transcripts within a sample, eliminating
the need for comparative hybridisations and normalisation, with its inherent loss of
information. Moreover, as it utilises de novo sequencing, it has the potential of
identifying novel transcripts, unlike microarrays where detection is limited to probes
present on the array. RNAseq has comparable efficiency to commonly used array
platforms such as Affymetrix, and is able to identify more differentially expressed
genes in the same sample (higher sensitivity) (Marioni et al., 2008).
Proteomic and metabolomic approaches, such as the spectroscopy-based techniques
Fourier transform infrared spectroscopy (FT-IR) and atomic dielectric resonance
spectroscopy (ADSR) are also particularly exciting as they have been shown to
identify TSE infected blood and serum with high sensitivity and specificity in preclinical scrapie in hamsters, (Lasch et al., 2007), as well as BSE in cattle (Lasch et
al., 2003), and vCJD and sCJD in humans (Fagge et al., 2007). FT-IR or ADRS
analysis of scrapie-infected sheep blood, combined with more detailed analysis of
regions on the spectrum shown to vary between infected and control samples using
other techniques such as surface-enhanced laser desorption/ionisation time of flight
mass spectrometry (SELDI-TOF-MS) ProteinChip array analysis (Bons et al., 2005),
would be particularly useful in the identification of surrogate markers of infection.
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Appendix 1
Table 1. Randomised microarray hybridisation design.
Chip #

Cy3 (green)

Cy5 (red)

Description

d.p.i.

1

K345BC622

K359BC636

Case-Control

125

2

K300BC604

K324BC612

Case-Case

125

3

K308BC627

K324BC612

Control-Case

125

4

K359BC636

K308BC627

Control-Control

125

5

K359BC636

K300BC604

Control-Case

125

6

K345BC622

K300BC604

Case-Case

125

7

K308BC627

K345BC622

Control-Case

125

8

K300BC604

K308BC627

Case-Control

125

9

K324BC612

K345BC622

Case-Case

125

10

K324BC612

K359BC636

Case-Control

125

11

K349BC380

K362BC396

Case-Control

75

12

K289BC364

K331BC372

Case-Case

75

13

K328BC391

K331BC372

Control-Case

75

14

K362BC396

K328BC391

Control-Control

75

15

K362BC396

K289BC364

Control-Case

75

16

K349BC380

K289BC364

Case-Case

75

17

K328BC391

K349BC380

Control-Case

75

18

K289BC364

K328BC391

Case-Control

75

19

K331BC372

K349BC380

Case-Case

75

20

K331BC372

K362BC396

Case-Control

75

21

K358BC100

K336BC106

Case-Control

25

22

K321BC080

K309BC091

Case-Case

25

23

K285BC118

K309BC091

Control-Case

25

24

K336BC106

K285BC118

Control-Control

25

25

K336BC106

K321BC080

Control-Case

25

26

K358BC100

K321BC080

Case-Case

25

27

K285BC118

K358BC100

Control-Case

25

28

K321BC080

K285BC118

Case-Control

25

29

K309BC091

K358BC100

Case-Case

25

30

K309BC091

K336BC106

Case-Control

25

One Cy3 and one Cy5 labelled sample were concurrently hybridised on each chip. The
description column provides information on the infection status of the samples compared on each
chip, and the d.p.i column shows the time point.
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Table 2. Randomised microarray hybridisation design (dye-swap).
Chip #

Cy3 (green)

Cy5 (red)

Description

d.p.i.

31

K359BC636

K345BC622

Control-Case

125

32

K324BC612

K300BC604

Case-Case

125

33

K324BC612

K308BC627

Case-Control

125

34

K308BC627

K359BC636

Control-Control

125

35

K300BC604

K359BC636

Case-Control

125

36

K300BC604

K345BC622

Case-Case

125

37

K345BC622

K308BC627

Case-Control

125

38

K308BC627

K300BC604

Control-Case

125

39

K345BC622

K324BC612

Case-Case

125

40

K359BC636

K324BC612

Control-Case

125

41

K362BC396

K349BC380

Control-Case

75

42

K331BC372

K289BC364

Case-Case

75

43

K331BC372

K328BC391

Case-Control

75

44

K328BC391

K362BC396

Control-Control

75

45

K289BC364

K362BC396

Case-Control

75

46

K289BC364

K349BC380

Case-Case

75

47

K349BC380

K328BC391

Case-Control

75

48

K328BC391

K289BC364

Control-Case

75

49

K349BC380

K331BC372

Case-Case

75

50

K362BC396

K331BC372

Control-Case

75

51

K336BC106

K358BC100

Control-Case

25

52

K309BC091

K321BC080

Case-Case

25

53

K309BC091

K285BC118

Case-Control

25

54

K285BC118

K336BC106

Control-Control

25

55

K321BC080

K336BC106

Case-Control

25

56

K321BC080

K358BC100

Case-Case

25

57

K358BC100

K285BC118

Case-Control

25

58

K285BC118

K321BC080

Control-Case

25

59

K358BC100

K309BC091

Case-Case

25

60

K336BC106

K309BC091

Control-Case

25
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Table 3. Percentage of spots on each array having A, B, C, D, and E confidence flags.
Array

% Confidence flag
A

B

C

D

E

Usable
spots
(A,B,C)

Unusable
spots
(D,E)

1

2.03

10.9

25.63

23.23

38.2

38.56

61.43

2

1.22

8.38

36.72

27.78

25.91

46.32

53.69

3

0.52

4.48

25.68

45.75

23.57

30.68

69.32

4

3.72

7.02

18.98

27.58

42.7

29.72

70.28

5

1.33

11.21

35.32

30.85

21.28

47.86

52.13

6

2.26

4.66

19.89

37.89

35.29

26.81

73.18

7

0.91

9.49

29.57

36.58

23.46

39.97

60.04

8

0.96

9.53

27.88

26.22

35.42

38.37

61.64

9

1.12

6.75

30.39

34.06

27.67

38.26

61.73

10

0.59

10.48

38.11

39.99

10.82

49.18

50.81

11

1.11

8.81

29.27

44.48

16.33

39.19

60.81

12

0.35

5.07

22.97

29.78

41.82

28.39

71.6

13

0.46

5.33

21.28

41.81

31.13

27.07

72.94

14

0.25

5.87

28.46

44.41

21.01

34.58

65.42

15

1.82

9.76

27.3

34.04

27.08

38.88

61.12

16

0.77

7.51

27.45

23.28

40.99

35.73

64.27

17

0.26

6.58

26.48

21.57

45.11

33.32

66.68

18

0.69

6.39

29.91

37.77

25.25

36.99

63.02

19

0.28

6

25.06

20.67

48

31.34

68.67

20

0.17

3.51

29.18

48.16

18.97

32.86

67.13

21

1.54

7.21

22.55

30.14

38.56

31.3

68.7

22

0.44

5.25

20.39

24.42

49.49

26.08

73.91

23

0.56

10.67

33.39

25.35

30.03

44.62

55.38
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Array

% Confidence flag
A

B

C

D

E

Usable
spots
(A,B,C)

Unusable
spots
(D,E)

24

0.21

4.98

30.44

38.41

25.96

35.63

64.37

25

0.33

4.96

21.48

22.78

50.45

26.77

73.23

26

0.31

8.38

32.16

29.7

29.45

40.85

59.15

27

0.12

3.9

27.09

37.66

31.24

31.11

68.9

28

0.74

7.48

26.2

25.51

40.06

34.42

65.57

29

0.72

8.61

26.84

25.43

38.41

36.17

63.84

30

0.99

11.02

29.36

19.41

39.23

41.37

58.64

31

0.85

5.43

28.19

51.39

14.14

34.47

65.53

32

2.81

16.23

26.24

19.1

35.62

45.28

54.72

33

2.27

9.62

20.08

18.91

49.13

31.97

68.04

34

1.53

13.59

22.52

12.01

50.35

37.64

62.36

35

2.56

12.66

26.51

24.48

33.8

41.73

58.28

36

0.12

10.37

40.92

42.2

6.38

51.41

48.58

37

0.27

8.29

36.69

45.59

9.16

45.25

54.75

38

0.12

7.34

33.45

51.25

7.83

40.91

59.08

39

0.07

9.06

42.56

41.3

7.02

51.69

48.32

40

0.14

7.22

39.85

44.23

8.56

47.21

52.79

41

0.76

15.68

38.03

26.66

18.88

54.47

45.54

42

1.26

13.89

38.83

30.51

15.52

53.98

46.03

43

0.08

5.33

33.73

52.93

7.93

39.14

60.86

44

0.18

9.58

36.47

48.49

5.29

46.23

53.78

45

0.63

14.89

42.06

35.83

6.59

57.58

42.42

46

1.3

10.8

35.6

31.37

20.93

47.7

52.3

47

0.08

6.14

38.07

36.4

19.3

44.29

55.7
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Array

% Confidence flag
A

B

C

D

E

Usable
spots
(A,B,C)

Unusable
spots
(D,E)

48

0.56

8.56

28.97

32.91

29

38.09

61.91

49

0.22

5.68

32.52

36.56

25.02

38.42

61.58

50

0.09

5.88

33.66

45.61

14.76

39.63

60.37

51

0.25

7.03

28.6

23.42

40.71

35.88

64.13

52

0.08

5.2

34.86

38.78

21.09

40.14

59.87

53

0.15

7.31

39.74

43.17

9.63

47.2

52.8

54

2.08

12.73

33.47

27.19

24.53

48.28

51.72

55

2.38

10.82

32.11

24.55

30.14

45.31

54.69

56

0.08

5.55

35.98

48.77

9.63

41.61

58.4

57

4.48

10.39

25.86

17.47

41.8

40.73

59.27

58

0.74

12.76

35.87

28.73

21.91

49.37

50.64

59

0.87

10.54

35.51

40.28

12.79

46.92

53.07

60

2.39

17.03

32.97

25.48

22.13

52.39

47.61
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Appendix 2
Table 1. 100 spots showing the highest differential expression in the mock infected controls,
ordered by increasing P-values. Only spots with a P-value of <=0.05 are included. The spots are
listed alphabetically based on their ID. The Block, Row, Column columns indicate the spot’s
position on the array. The Name column indicates the spot’s clone number and the ID indicates
the unique gene ID. The Rank column indicates the spot’s rank in the “top-100” table of fold
changes. The M column indicates the fold change and the P-values column indicates the
estimated probability of the difference arising by chance
Block

Row

Column

45

8

26

45

25

22

Name

ID

Rank

M

P-value

1_KN224-028_P15_M13F.KN224

AJ679394

51

3.072

0.00001

30

1_KN224-028_P15_M13F.KN224

AJ679394

68

2.949

0.00001

1

29

1_KN261-051_K02_M13F.KN261

AJ689642

78

3.268

0.00001

43

8

5

1_KN261-043_A01_T3.KN261

AJ694076

77

2.561

0.00001

21

1

29

1_KN261-046_K19_T3.KN261

AJ695354

71

2.943

0.00001

21

7

19

1_KN261-046_K19_T3.KN261

AJ695354

79

3.140

0.00001

6

27

20

C0001973f13

AJ814306

75

2.946

0.00001

37

21

27

C0005209j16

AJ816627

92

2.580

0.00001

22

23

17

C0005920F05.P1KT3.WELLCOME

AM008908

99

2.556

0.00001

23

14

7

C0007385F20.Q1KT7.SCF.BM.WELLC

AM009159

57

2.998

0.00001

18

6

25

C0007382P14.Q1KT7.SCF.BM.WELLC

AM009641

12

3.163

0.00001

18

7

13

C0007382P14.Q1KT7.SCF.BM.WELLC

AM009641

22

2.795

0.00001

26

26

27

C0007390L18.Q1KT7.SCF.BM.WELLC

AM011557

43

3.018

0.00003

26

4

26

C0007390L18.Q1KT7.SCF.BM.WELLC

AM011557

95

2.677

0.00005

1

7

19

C0005912F22.P1KT3.WELLCOME

AM015194

39

-2.281

0.00005

1

1

29

C0005912F22.P1KT3.WELLCOME

AM015194

76

2.294

0.00005

15

7

19

C0005912F10.P1KT3.WELLCOME

AM020360

41

-2.010

0.00005

15

1

29

C0005912F10.P1KT3.WELLCOME

AM020360

48

2.623

0.00005

8

25

9

C0007394P20.P1KT7.SCF.LN.WELLC

AM021652

83

2.240

0.00006

5

8

7

C0007391G12.P1KT7.SCF.LN.WELLC

AM022460

90

1.828

0.00006

45

6

19

C0005915N20.P1KT3.WELLCOME

AM023867

1

2.248

0.00007
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Block

Row

Column

45

29

25

47

17

23

Name

ID

Rank

M

P-value

C0005915N20.P1KT3.WELLCOME

AM023867

3

3.034

0.00007

11

C0005916P24.P1KT3.WELLCOME

AM026674

40

1.788

0.00007

20

20

C0007395G01.P1KBT7.SCF.LN.WELL

AM026938

60

2.382

0.00008

43

3

10

C0007403J15.P1KT7.SCF.S.WELLCO

AM033343

47

2.411

0.00009

3

20

9

C0006008I16.Q1KT7.WELLCOME

AM036486

85

1.644

0.00009

7

28

4

C0007410C01.P1KT7.SCF.S.WELLCO

AM037477

45

2.368

0.00009

7

10

22

C0007410C01.P1KT7.SCF.S.WELLCO

AM037477

67

1.656

0.00010

31

8

4

C0007409B06.Q1KT3.SCF.S.WELLCO

AM038284

7

2.881

0.00010

31

11

18

C0007409B06.Q1KT3.SCF.S.WELLCO

AM038284

10

2.410

0.00013

40

6

1

C0007403L17.P1KT7.SCF.S.WELLCO

AM039117

56

1.345

0.00013

40

27

1

C0007403L17.P1KT7.SCF.S.WELLCO

AM039117

81

2.499

0.00013

39

16

22

MARC_2BOV_42H5

BE750905

4

2.219

0.00013

39

24

11

MARC_2BOV_42H5

BE750905

14

1.590

0.00014

31

9

7

MARC_2BOV_44F16

BE751736

8

2.265

0.00015

31

14

17

MARC_2BOV_44F16

BE751736

25

2.400

0.00017

42

19

6

MARC_3BOV_37K20

BF601123

33

1.647

0.00018

42

28

15

MARC_3BOV_37K20

BF601123

42

2.631

0.00018

25

21

21

C0007382P14.Q1KT7.SCF.BM.WELLC

C0005342P14

18

1.483

0.00021

25

16

12

C0007382P14.Q1KT7.SCF.BM.WELLC

C0005342P14

32

1.409

0.00022

26

26

16

C0007383A08.P1KT3.SCF.BM.WELLC

C0005343A8

19

1.605

0.00023

26

4

27

C0007383A08.P1KT3.SCF.BM.WELLC

C0005343A8

30

2.255

0.00023

11

16

12

C0005917L20.Q1KT7.WELLCOME

C0005593L20

86

1.837

0.00023

5

30

20

C0007398C09.P1KT7.SCF.LN.WELLC

C0005603C9

97

1.665

0.00023

3

30

20

C0007399O18.Q1KT3.SCF.LN.WELLC

C0005604O18

15

1.987

0.00023

3

2

21

C0007399O18.Q1KT3.SCF.LN.WELLC

C0005604O18

17

1.548

0.00023

26

20

24

C0007400D08.Q1KT3.SCF.LN.WELLC

C0005605D8

5

1.229

0.00023

26

24

20

C0007400D08.Q1KT3.SCF.LN.WELLC

C0005605D8

13

1.620

0.00026
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Block

Row

Column

41

8

17

48

12

16

Name

ID

Rank

M

P-value

Oa_splbn_01E12

CN821899

54

1.699

0.00026

25

Oa_splbn_11N11

CN822363

80

2.376

0.00026

3

25

Oa_splbn_11M07

CN822385

53

1.509

0.00030

16

22

16

Oa_splbn_11M07

CN822385

73

2.098

0.00030

11

3

25

Oa_splbn_11K23

CN822413

84

1.634

0.00030

24

10

25

Oa_splbn_11A20

CN822622

72

1.550

0.00036

8

21

12

Oa_splbn_02B11

CN822930

37

2.631

0.00037

40

30

11

Oa_splbn_04D10

CN823413

2

-1.418

0.00040

40

11

13

Oa_splbn_04D10

CN823413

11

1.862

0.00044

39

16

19

Oa_splbn_05P17

CN823486

9

2.033

0.00044

39

4

10

Oa_splbn_05P17

CN823486

50

2.150

0.00044

12

25

3

Oa_splbn_05F09

CN823644

61

-2.052

0.00046

28

3

9

Oa_splbn_06O23

CN823741

87

2.107

0.00052

32

16

10

Oa_splbn_08G10

CN824412

16

-1.286

0.00054

32

6

14

Oa_splbn_08G10

CN824412

24

2.127

0.00060

23

17

23

Oa_splbn_09N15

CN824575

63

1.857

0.00060

25

21

13

Oa_splbn_01D12

CN824773

94

1.955

0.00061

41

23

28

Oa_splbn_12L21

CO202244

52

-1.182

0.00061

41

12

5

Oa_splbn_12L21

CO202244

58

2.231

0.00061

33

4

16

Oa_splbn_12G18

CO202331

23

1.407

0.00061

33

1

18

Oa_splbn_12G18

CO202331

49

1.692

0.00062

22

19

14

Oa_splbn_12D03

CO202403

100

-2.049

0.00063

28

1

5

Oa_splbn_13M12

CO202527

21

1.539

0.00063

28

16

11

Oa_splbn_13M12

CO202527

35

-1.704

0.00065

32

24

27

Oa_splbn_13I03

CO202608

44

1.638

0.00065

32

24

15

Oa_splbn_13I03

CO202608

69

-2.290

0.00065

26

16

11

Oa_splbn_13H23

CO202612

64

1.350

0.00066
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Block

Row

Column

26

1

5

11

20

11

Name

ID

Rank

M

P-value

Oa_splbn_13H23

CO202612

65

1.372

0.00066

19

Oa_splbn_14D21

CO202989

28

-1.168

0.00068

30

5

Oa_splbn_14D21

CO202989

46

1.170

0.00069

19

12

21

Oa_splbn_14B02

CO203047

88

1.511

0.00070

12

11

22

RZPDp1056L2459Q

CO871806

62

2.416

0.00070

23

21

18

RZPDp1056E0156Q

CO874115

89

-1.457

0.00070

11

12

8

RZPDp1056H1552Q

CO875080

98

1.278

0.00071

12

10

13

RZPDp1056E0753Q

CO875424

27

-2.237

0.00071

12

21

5

RZPDp1056E0753Q

CO875424

38

1.368

0.00071

13

27

24

RZPDp1056L0453Q

CO876135

59

1.834

0.00073

40

20

12

RZPDP1056N2456Q.R.BERLIN

CO876352

55

1.357

0.00074

48

30

30

RZPDp1056A084Q

CO880585

6

-1.482

0.00075

48

18

4

RZPDp1056A084Q

CO880585

29

1.311

0.00075

46

18

5

RZPDp1056E227Q

CO880824

20

2.045

0.00078

46

4

6

RZPDp1056E227Q

CO880824

26

-1.476

0.00078

40

18

22

RZPDp1056M2216Q

CO881000

93

1.976

0.00078

22

14

4

RZPDp1056E2226Q

CO883264

96

-2.012

0.00078

33

2

13

RZPDp1056A0913Q

CO883294

74

1.779

0.00082

12

28

13

RZPDp1056P076Q

CO883340

36

1.206

0.00083

46

17

24

RZPDP1056I0511Q.R.BERLIN

CO884696

31

1.743

0.00085

46

26

2

RZPDP1056I0511Q.R.BERLIN

CO884696

34

-1.620

0.00086

17

3

8

RZPDp1056A032Q

CO886940

66

2.108

0.00088

34

15

18

RZPDp1056E1724Q

CO888414

91

-1.139

0.00088

39

14

25

RZPDp1056A0434Q

CO893762

70

-1.545

0.00088

34

30

7

RZPDp1056H1037Q

CO895210

82

1.338

0.00088
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Table 2: 100 spots showing the highest differential expression in two scrapie infected
samples K331 and K349, ordered by increasing P-values.

Block Row

Column

Name

ID

M

P-value

3

2

21

C0007399O18.Q1KT3.SCF.LN.WELLC

C0005604O18

-1.864

0.001

3

30

20

C0007399O18.Q1KT3.SCF.LN.WELLC

C0005604O18

-1.936

0.001

34

8

26

1_KN224-013_M17_M13F.KN224

AJ673793

1.412

0.007

40

6

1

C0007403L17.P1KT7.SCF.S.WELLCO

AM039117

-1.350

0.007

34

25

30

1_KN224-013_M17_M13F.KN224

AJ673793

1.479

0.007

40

5

1

C0007391F05.P1KT7.SCF.LN.WELLC

C0005596F5

-1.650

0.008

23

18

12

C0007395G01.P1KBT7.SCF.LN.WELL

AM026938

-2.191

0.008

31

21

13

C0005917H23.P1KT3.WELLCOME

AM029855

-2.697

0.009

23

20

20

C0007395G01.P1KBT7.SCF.LN.WELL

AM026938

-1.754

0.009

39

14

25

RZPDp1056A0434Q

CO893762

-1.655

0.011

27

2

10

C0007417O10.P1KT3.SCF.L.WELLCO

AM019064

-1.353

0.011

40

27

1

C0007403L17.P1KT7.SCF.S.WELLCO

AM039117

-1.274

0.011

40

30

11

Oa_splbn_04D10

CN823413

1.244

0.011

42

11

4

C0005913D12.Q1KT7.WELLCOME

AJ813808

-1.868

0.011

43

8

5

1_KN261-043_A01_T3.KN261

AJ694076

-1.029

0.011

43

28

7

1_KN261-043_A01_T3.KN261

AJ694076

-1.145

0.012

36

11

4

MARC_1BOV_28P18

AW418249

-1.189

0.012

28

3

9

Oa_splbn_06O23

CN823741

-1.326

0.012

27

25

29

C0007417O10.P1KT3.SCF.L.WELLCO

AM019064

-1.343

0.012

31

11

18

C0007409B06.Q1KT3.SCF.S.WELLCO

AM038284

1.391

0.013

14

30

16

RZPDp1056H0254Q

CO874286

-1.132

0.013

20

8

5

C0005916K05.P1KT3.WELLCOME

AM022345

-1.674

0.013

13

30

5

Oa_splbn_13J10

CO202587

0.952

0.013

5

8

7

C0007391G12.P1KT7.SCF.LN.WELLC

AM022460

-1.210

0.015
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Block Row

Column

Name

ID

M

P-value

38

30

7

RZPDp1056D1936Q

CO892772

-2.265

0.016

1

12

21

Oa_splbn_13A05

CO202767

0.868

0.016

13

16

6

C0001980d23

AJ818124

1.286

0.017

45

6

19

C0005915N20.P1KT3.WELLCOME

AM023867

1.103

0.017

14

28

7

C0005916A01.P1KT3.WELLCOME

AM022317

1.421

0.018

18

1

6

RZPDp1056B2057Q

CO874204

-1.066

0.020

20

7

20

C0007403C15.Q1KT3.SCF.S.WELLCO

AM038095

-0.930

0.020

13

19

1

C0001980d23

AJ818124

1.033

0.020

37

21

27

C0005209j16

AJ816627

-1.381

0.021

8

25

9

C0007394P20.P1KT7.SCF.LN.WELLC

AM021652

-1.589

0.021

31

8

4

C0007409B06.Q1KT3.SCF.S.WELLCO

AM038284

1.220

0.022

24

10

25

Oa_splbn_11A20

CN822622

-1.223

0.022

32

13

27

RZPDP1056N0539Q.R.BERLIN

CO895717

-1.328

0.022

26

20

24

C0007400D08.Q1KT3.SCF.LN.WELLC

C0005605D8

1.060

0.022

22

14

4

RZPDp1056E2226Q

CO883264

-1.123

0.022

13

20

19

Oa_splbn_13J10

CO202587

0.877

0.022

20

28

7

C0005916K05.P1KT3.WELLCOME

AM022345

-1.738

0.022

42

10

20

C0005914A21.P1KT3.WELLCOME

AM013512

-0.901

0.023

12

23

2

C0005917J11.P1KT3.WELLCOME

AJ819424

-1.317

0.023

22

23

17

C0005920F05.P1KT3.WELLCOME

AM008908

-1.170

0.023

42

13

7

C0005914A21.P1KT3.WELLCOME

AM013512

-0.918

0.024

46

30

13

C0005919N01.P1KT3.WELLCOME

AM004574

-1.383

0.024

22

8

19

C0005920F05.P1KT3.WELLCOME

AM008908

-1.219

0.024

41

30

12

RZPDp1056H1156Q

CO874330

-1.024

0.025

40

11

13

Oa_splbn_04D10

CN823413

1.217

0.025

43

15

28

Oa_splbn_04I07

CN823728

-1.340

0.025

28

25

19

Oa_splbn_06O23

CN823741

-1.248

0.025
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Block Row

Column

Name

ID

M

P-value

14

24

4

RZPDp1056H0254Q

CO874286

-1.004

0.025

20

18

25

C0007403C15.Q1KT3.SCF.S.WELLCO

AM038095

-0.877

0.025

45

29

25

C0005915N20.P1KT3.WELLCOME

AM023867

1.166

0.029

29

30

12

RZPDp1056C1956Q

CO877067

-1.045

0.029

32

14

28

RZPDp1056C1956Q

CO877067

-1.005

0.032

28

12

17

1_KN261-023_J10_T3.KN261

AJ691121

-1.897

0.033

8

21

21

C0007399F02.P1KT7.SCF.LN.WELLC

C0005604F2

-0.855

0.037

39

14

2

RZPDp1056A0434Q

CO893762

-1.427

0.037

46

25

20

Oa_splbn_04B22

CN823445

-1.896

0.040

40

1

5

Oa_splbn_13H12

CO202621

0.743

0.040

31

22

18

RZPDp1056O1315Q

CO885270

-5.280

0.041

8

10

24

C0007394P20.P1KT7.SCF.LN.WELLC

AM021652

-2.054

0.043

1

20

16

Oa_splbn_13A05

CO202767

0.700

0.043

31

3

3

RZPDp1056O0241Q

CO895448

-5.373

0.043

46

8

1

C0005919N01.P1KT3.WELLCOME

AM004574

-1.189

0.043

33

7

19

1_KN261-055_A23_T3.KN261

AJ695493

-0.757

0.044

46

25

10

RZPDp1056N1725Q

CO880832

-1.183

0.044

24

28

25

Oa_splbn_11A20

CN822622

-1.092

0.044

36

18

1

MARC_1BOV_28P18

AW418249

-1.064

0.044

31

4

1

RZPDp1056K0656Q

CO874961

-1.055

0.045

17

16

7

C0005919J04.Q1KT7.WELLCOME

AM006025

-0.928

0.046

22

17

15

RZPDp1056M223Q

CO878795

6.628

0.046

22

19

14

Oa_splbn_12D03

CO202403

0.932

0.046

23

5

3

RZPDp1056A0344Q

CO892494

-1.881

0.046

18

2

30

RZPDp1056B2057Q

CO874204

-0.839

0.046

41

1

5

Oa_splbn_14K07

CO202878

0.789

0.046

46

18

5

RZPDp1056E227Q

CO880824

0.801

0.047
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Block Row

Column

Name

ID

M

P-value

18

6

25

C0007382P14.Q1KT7.SCF.BM.WELLC

AM009641

1.027

0.047

37

21

29

RZPDp1056M152Q

CO879195

-3.510

0.047

23

23

11

C0007383I13.Q1KT7.SCF.BM.WELLC

AM006303

-1.919

0.047

23

27

23

RZPDp1056M096Q

CO883952

-1.814

0.047

33

22

7

1_KN224-028_B12_M13F.KN224

AJ679060

-2.892

0.047

11

9

5

Oa_splbn_02O19

CN822663

-0.891

0.047

39

8

19

1_KN261-024_A08_T3.KN261

AJ691279

-0.841

0.047

22

2

29

RZPDp1056O1257Q

CO875104

0.782

0.047

19

17

19

MARC_1BOV_37D19

AW445847

2.044

0.047

43

18

19

Oa_splbn_04I07

CN823728

-1.274

0.047

33

1

29

1_KN261-055_A23_T3.KN261

AJ695493

-0.716

0.047

40

2

22

RZPDp1056G0549Q

CO895175

0.998

0.048

36

5

27

C0007391F15.Q1KT3.SCF.LN.WELLC

C0005596F15

-1.744

0.048

41

25

5

C0007411D03.P1KT3.SCF.L.WELLCO

AM017109

-0.951

0.051

32

30

23

RZPDP1056N0539Q.R.BERLIN

CO895717

-1.099

0.052

26

24

20

C0007400D08.Q1KT3.SCF.LN.WELLC

C0005605D8

1.045

0.052

3

20

1

RZPDp1056G2153Q

CO873953

-0.858

0.052

41

2

26

RZPDp1056H1156Q

CO874330

-0.897

0.052

18

21

9

C0007396C18.P1KAT7.SCF.LN.WELLCO
ME

MARC_3BOV_62
N14

-1.523

0.053

30

20

7

C0007407B22.P1KT7.SCF.S.WELLCO

AM034794

-1.405

0.054

23

16

23

RZPDP1056J1760Q.R.BERLIN

CO894385

-0.956

0.054

40

24

21

RZPDp1056G0549Q

CO895175

0.948

0.054
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Table 3: 5 spots showing differential expression in the scrapie infected samples K349 vs
K289. There were no statistically significant differences

Block

Row

Column

15

1

12

39

9

18

Name

ID

M

P-value

RZPDp1056D0136Q

CO895456

-1.31

0.773

15

C0001968p12

AJ815557

-3.21

0.773

14

1

C0001982f14

AJ818782

-3.68

0.773

26

26

27

C0007390L18.Q1KT7.SCF.BM.WELLC

AM011557

1.201

0.773

48

30

30

RZPDp1056A084Q

CO880585

1.017

0.773

Table 4: 100 spots showing the highest differential expression in two scrapie infected
samples K289 and K331, ordered by increasing P-values.

Block

Row

Column

3

2

21

3

30

40

Name

ID

M

P-value

C0007399O18.Q1KT3.SCF.LN.WELLC

C0005604O18

2.090

0.000

20

C0007399O18.Q1KT3.SCF.LN.WELLC

C0005604O18

2.077

0.001

6

1

C0007403L17.P1KT7.SCF.S.WELLCO

AM039117

1.766

0.001

45

6

19

C0005915N20.P1KT3.WELLCOME

AM023867

-1.833

0.001

40

5

1

C0007391F05.P1KT7.SCF.LN.WELLC

C0005596F5

1.909

0.002

23

18

12

C0007395G01.P1KBT7.SCF.LN.WELL

AM026938

2.672

0.002

36

11

4

MARC_1BOV_28P18

AW418249

1.602

0.002

34

8

26

1_KN224-013_M17_M13F.KN224

AJ673793

-1.495

0.002

40

30

11

Oa_splbn_04D10

CN823413

-1.616

0.002

23

20

20

C0007395G01.P1KBT7.SCF.LN.WELL

AM026938

2.066

0.002

40

27

1

C0007403L17.P1KT7.SCF.S.WELLCO

AM039117

1.582

0.002
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Block

Row

Column

31

8

4

45

29

40

Name

ID

M

P-value

C0007409B06.Q1KT3.SCF.S.WELLCO

AM038284

-1.822

0.002

25

C0005915N20.P1KT3.WELLCOME

AM023867

-1.793

0.003

11

13

Oa_splbn_04D10

CN823413

-1.840

0.003

27

2

10

C0007417O10.P1KT3.SCF.L.WELLCO

AM019064

1.458

0.003

28

3

9

Oa_splbn_06O23

CN823741

1.600

0.003

43

8

5

1_KN261-043_A01_T3.KN261

AJ694076

1.199

0.003

14

30

16

RZPDp1056H0254Q

CO874286

1.370

0.003

31

11

18

C0007409B06.Q1KT3.SCF.S.WELLCO

AM038284

-1.703

0.003

20

8

5

C0005916K05.P1KT3.WELLCOME

AM022345

1.967

0.003

40

4

1

RZPDp1056P0955Q

CO877415

1.217

0.003

12

23

2

C0005917J11.P1KT3.WELLCOME

AJ819424

1.692

0.003

39

14

25

RZPDp1056A0434Q

CO893762

1.796

0.003

13

19

1

C0001980d23

AJ818124

-1.338

0.003

43

28

7

1_KN261-043_A01_T3.KN261

AJ694076

1.280

0.003

26

26

27

C0007390L18.Q1KT7.SCF.BM.WELLC

AM011557

-1.824

0.003

43

3

10

C0007403J15.P1KT7.SCF.S.WELLCO

AM033343

-0.979

0.003

43

15

28

Oa_splbn_04I07

CN823728

1.755

0.003

31

21

13

C0005917H23.P1KT3.WELLCOME

AM029855

2.695

0.003

8

25

9

C0007394P20.P1KT7.SCF.LN.WELLC

AM021652

1.996

0.003

34

25

30

1_KN224-013_M17_M13F.KN224

AJ673793

-1.336

0.003

14

24

4

RZPDp1056H0254Q

CO874286

1.311

0.003

22

14

4

RZPDp1056E2226Q

CO883264

1.391

0.004

13

30

5

Oa_splbn_13J10

CO202587

-1.069

0.004

47

17

11

C0005916P24.P1KT3.WELLCOME

AM026674

-1.037

0.004

27

25

29

C0007417O10.P1KT3.SCF.L.WELLCO

AM019064

1.408

0.004

26

7

24

RZPDp1056C1321Q

CO888127

1.251

0.004
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Block

Row

Column

40

2

22

24

10

14

Name

ID

M

P-value

RZPDp1056G0549Q

CO895175

-1.426

0.004

25

Oa_splbn_11A20

CN822622

1.456

0.004

28

7

C0005916A01.P1KT3.WELLCOME

AM022317

-1.588

0.005

47

1

25

RZPDp1056D203Q

CO887465

2.038

0.005

40

24

21

RZPDp1056G0549Q

CO895175

-1.384

0.005

46

4

6

RZPDp1056E227Q

CO880824

-1.034

0.005

6

25

30

C0006009E12.Q1KT7.WELLCOME

AM037984

1.064

0.005

22

8

19

C0005920F05.P1KT3.WELLCOME

AM008908

1.463

0.005

38

30

7

RZPDp1056D1936Q

CO892772

2.445

0.006

22

23

17

C0005920F05.P1KT3.WELLCOME

AM008908

1.266

0.006

42

10

20

C0005914A21.P1KT3.WELLCOME

AM013512

1.045

0.006

46

18

5

RZPDp1056E227Q

CO880824

-1.106

0.006

36

18

1

MARC_1BOV_28P18

AW418249

1.400

0.006

20

28

7

C0005916K05.P1KT3.WELLCOME

AM022345

1.978

0.006

1

20

16

Oa_splbn_13A05

CO202767

-0.899

0.006

1

12

21

Oa_splbn_13A05

CO202767

-0.880

0.006

48

30

30

RZPDp1056A084Q

CO880585

-1.381

0.006

24

13

10

Oa_splbn_05K23

CN823564

1.163

0.006

48

28

12

C0007403J12.Q1KT3.SCF.S.WELLCO

AM034624

-1.175

0.006

43

28

12

C0007403J15.P1KT7.SCF.S.WELLCO

AM033343

-1.177

0.006

24

28

25

Oa_splbn_11A20

CN822622

1.405

0.006

39

16

22

MARC_2BOV_42H5

BE750905

-1.074

0.006

20

7

20

C0007403C15.Q1KT3.SCF.S.WELLCO

AM038095

0.990

0.007

5

8

7

C0007391G12.P1KT7.SCF.LN.WELLC

AM022460

1.194

0.007

13

4

22

C0006009B19.P1KT3.WELLCOME

AM034422

-1.211

0.007

20

24

19

RZPDp1056I0254Q

CO872119

-1.128

0.007
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Block

Row

Column

40

5

6

42

13

18

Name

ID

M

P-value

C0007397M22.P1KT7.SCF.LN.WELLC

AM022960

2.426

0.007

7

C0005914A21.P1KT3.WELLCOME

AM013512

1.018

0.007

2

30

RZPDp1056B2057Q

CO874204

1.045

0.007

40

26

1

1_KN261-041_B16_T3.KN261

AJ693370

1.043

0.007

39

8

19

1_KN261-024_A08_T3.KN261

AJ691279

1.086

0.007

11

14

25

RZPDp1056A1734Q

CO894396

-0.947

0.007

13

16

6

C0001980d23

AJ818124

-1.310

0.007

28

25

19

Oa_splbn_06O23

CN823741

1.402

0.007

26

20

24

C0007400D08.Q1KT3.SCF.LN.WELLC

C0005605D8

-1.154

0.007

34

15

18

RZPDp1056E1724Q

CO888414

-1.620

0.007

41

2

26

RZPDp1056H1156Q

CO874330

1.180

0.007

20

14

22

RZPDp1056I0254Q

CO872119

-0.998

0.008

23

16

23

RZPDP1056J1760Q.R.BERLIN

CO894385

1.226

0.008

13

20

19

Oa_splbn_13J10

CO202587

-0.911

0.008

41

4

22

C0005918O08.P1KT3.WELLCOME

AM008828

-0.932

0.008

46

30

13

C0005919N01.P1KT3.WELLCOME

AM004574

1.456

0.008

39

14

2

RZPDp1056A0434Q

CO893762

1.633

0.008

12

16

19

Oa_splbn_07G23

CN824105

-1.193

0.009

12

8

21

C0005920D07.Q1KT7.WELLCOME

AM007587

-1.046

0.009

19

9

10

Oa_splbn_11J22

CN822437

1.041

0.009

39

16

19

Oa_splbn_05P17

CN823486

-1.077

0.009

7

30

2

RZPDp1056B2428Q

CO887202

5.217

0.010

3

20

1

RZPDp1056G2153Q

CO873953

1.066

0.010

11

8

1

C0005920L06.Q1KT7.WELLCOME

AM007618

1.131

0.011

21

24

18

RZPDp1056N0140Q

CO888781

1.373

0.011

21

22

26

RZPDp1056N0140Q

CO888781

1.427

0.011
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Block

Row

Column

42

11

4

20

18

7

Name

ID

M

P-value

C0005913D12.Q1KT7.WELLCOME

AJ813808

1.510

0.011

25

C0007403C15.Q1KT3.SCF.S.WELLCO

AM038095

0.889

0.011

23

17

C0005919M05.P1KT3.WELLCOME

AM009507

1.281

0.011

18

1

6

RZPDp1056B2057Q

CO874204

1.008

0.011

11

9

5

Oa_splbn_02O19

CN822663

1.047

0.011

40

24

27

Oa_splbn_12P20

CO202164

-1.258

0.012

43

27

6

RZPDp1056L1723Q

CO880346

-1.946

0.012

46

3

28

C0007410H20.P1KT7.SCF.S.WELLCO

AM038330

0.771

0.012

31

9

7

MARC_2BOV_44F16

BE751736

-1.100

0.012

48

25

8

RZPDp1056H0657Q

CO876481

1.100

0.012

3

2

10

C0007420G10.P1KT3.SCF.L.WELLCO

AM017607

1.187

0.012
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Table 5. 20 spots showing differential expression between mock-infected animals, with Pvalues <=0.05 The spots are listed based on increasing P-value. Only 11 genes have a P-value of
<=0.05.

Block

Row

Column

19

12

25

36

28

19

Name

ID

M

P-value

Oa_splbn_11J22

CN822437

1.446

0.0007

3

C0005204j18

AJ814466

-2.481

0.0007

9

10

Oa_splbn_11J22

CN822437

1.439

0.0010

22

21

10

cDNA

-2.569

0.0010

39

9

8

1_KN224-011_A18_M13F.KN224

AJ673092

3.028

0.0013

39

14

21

1_KN224-011_A18_M13F.KN224

AJ673092

2.964

0.0143

34

24

6

C0007401L16.Q1KT3.SCF.S.WELLCO

AM034556

1.307

0.0143

31

17

30

C0001986i12

AJ820133

-2.769

0.0143

5

24

1

C0006009F02.Q1KT7.WELLCOME

AM035806

2.817

0.0379

2

23

3

Oa_splbn_11B22

CN822598

1.225

0.0403

47

19

23

RZPDP1056N0244Q.R.BERLIN

CO896518

-0.948

0.0477

24

26

29

Oa_splbn_05K23

CN823564

1.281

0.0506

5

8

21

C0006009F02.Q1KT7.WELLCOME

AM035806

3.596

0.0580

42

11

19

RZPDp1056I1340Q

CO891683

-1.355

0.0636

34

21

15

C0007401L16.Q1KT3.SCF.S.WELLCO

AM034556

1.140

0.0636

39

11

27

Oa_splbn_03F06

CN823112

1.045

0.0636

43

25

19

Oa_splbn_04A05

CN823477

-2.763

0.0794

16

22

22

RZPDp1056B114Q

CO887865

-1.884

0.0794

24

15

7

C0001982a21

AJ818686

-1.851

0.0895

31

13

10

Oa_splbn_06D20

CN823965

0.850

0.0895
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Table 6: 70 spots showing the highest differential expression in two scrapie infected samples
K331 and K349, ordered by increasing P-values.

Block

Row

Column

39

10

12

16

25

20

Name

ID Status

M

P-value

C0006009P01.Q1KT7.WELLCOME

AM035109

1.636

0.0006

8

RZPDp1056E0157Q

CO875191

1.398

0.0010

12

21

Oa_splbn_14K11

CO202874

1.658

0.0010

39

1

20

C0006009P01.Q1KT7.WELLCOME

AM035109

1.626

0.0010

20

20

16

Oa_splbn_14K11

CO202874

1.688

0.0012

43

3

25

C0007406M19.P1KT7.SCF.S.WELLCO

AM032158

1.393

0.0012

42

11

13

Oa_splbn_05J02

CN823596

1.316

0.0018

36

15

28

Oa_splbn_08K24

CN824331

1.522

0.0028

42

30

11

Oa_splbn_05J02

CN823596

1.207

0.0028

19

9

10

Oa_splbn_11J22

CN822437

1.134

0.0042

19

12

25

Oa_splbn_11J22

CN822437

0.987

0.0047

27

17

19

C0001989o24

AJ820468

1.350

0.0052

48

3

10

C0007403J12.Q1KT3.SCF.S.WELLCO

AM034624

1.363

0.0067

43

22

16

C0007406M19.P1KT7.SCF.S.WELLCO

AM032158

1.236

0.0067

18

2

30

RZPDp1056B2057Q

CO874204

1.083

0.0076

44

16

28

C0001978d19

AJ817503

3.043

0.0101

39

11

27

Oa_splbn_03F06

CN823112

1.228

0.0134

34

24

6

C0007401L16.Q1KT3.SCF.S.WELLCO

AM034556

1.187

0.0135

48

8

23

RZPDp1056J0251Q

CO890950

0.934

0.0143

40

16

30

Oa_splbn_01A19

CN821965

1.687

0.0152

48

13

18

Oa_splbn_06H13

CN823892

1.486

0.0152

34

21

15

C0007401L16.Q1KT3.SCF.S.WELLCO

AM034556

1.267

0.0152

355

APPENDIX 2

Block

Row

Column

12

23

17

46

16

45

Name

ID Status

M

P-value

C0005918E24.P1KT3.WELLCOME

AM007476

1.067

0.0152

27

Oa_splbn_11K01

CN821756

1.396

0.0152

10

22

C0007418C20.P1KT3.SCF.L.WELLCO

AM019089

1.159

0.0152

24

12

21

Oa_splbn_13L13

CO202545

0.872

0.0152

18

1

6

RZPDp1056B2057Q

CO874204

1.054

0.0152

11

9

12

Oa_splbn_06O10

CN823752

3.218

0.0152

40

7

15

Oa_splbn_01A19

CN821965

1.398

0.0152

27

26

14

C0001989o24

AJ820468

1.080

0.0152

16

19

4

RZPDp1056E0157Q

CO875191

1.363

0.0164

26

20

24

C0007400D08.Q1KT3.SCF.LN.WELLC

C0005605D8

0.980

0.0167

26

24

20

C0007400D08.Q1KT3.SCF.LN.WELLC

C0005605D8

0.904

0.0212

16

20

3

C0007407D07.P1KT7.SCF.S.WELLCO

AM034797

1.025

0.0219

20

8

17

Oa_splbn_01O04

CN821726

1.512

0.0219

1

21

17

RZPDp1056J0541Q

CO890788

1.342

0.0219

46

21

12

Oa_splbn_11K01

CN821756

1.143

0.0228

30

29

5

RZPDp1056F2321Q

CO887024

3.436

0.0245

17

1

18

Oa_splbn_13P16

CO202462

0.897

0.0246

36

24

27

Oa_splbn_13I22

CO202593

1.013

0.0249

45

24

1

C0005920G23.P1KT3.WELLCOME

AM011138

1.322

0.0277

25

20

8

RZPDp1056A2420Q

CO881437

1.570

0.0277

27

15

5

1_KN261-047_C16_M13F.KN261

AJ687977

0.796

0.0298

1

11

12

RZPDp1056F0925Q

CO882151

1.707

0.0298

43

7

1

C0006010P15.P1KT3.WELLCOME

AM039022

0.759

0.0313

24

20

16

Oa_splbn_13L13

CO202545

0.881

0.0328

12

8

19

C0005918E24.P1KT3.WELLCOME

AM007476

1.045

0.0394
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Block

Row

Column

46

7

22

46

15

7

Name

ID Status

M

P-value

RZPDp1056L229Q

CO888039

1.526

0.0398

12

C0007405M06.Q1KT3.SCF.S.WELLCO

AM033440

0.971

0.0398

8

19

C0005919M05.P1KT3.WELLCOME

AM009507

0.733

0.0399

43

13

29

RZPDp1056L0129Q

CO877987

0.761

0.0399

27

18

18

1_KN261-047_C16_M13F.KN261

AJ687977

0.987

0.0421

32

24

27

Oa_splbn_13I03

CO202608

0.831

0.0421

40

4

1

RZPDp1056P0955Q

CO877415

0.816

0.0421

40

20

16

Oa_splbn_14F16

CO202955

1.206

0.0421

5

10

25

Oa_splbn_11D18

CN822560

1.418

0.0424

36

18

19

Oa_splbn_08K24

CN824331

1.165

0.0424

45

10

12

C0005912F01.P1KT3.WELLCOME

AM015189

1.192

0.0424

48

28

12

C0007403J12.Q1KT3.SCF.S.WELLCO

AM034624

1.249

0.0440

16

5

28

C0007407D07.P1KT7.SCF.S.WELLCO

AM034797

0.976

0.0440

48

25

8

RZPDp1056H0657Q

CO876481

0.857

0.0440

31

2

6

RZPDp1056H0336Q

CO893971

3.745

0.0440

2

22

6

RZPDp1056H0150Q

CO891971

1.756

0.0440

43

20

9

C0006010P15.P1KT3.WELLCOME

AM039022

0.796

0.0440

36

24

15

Oa_splbn_13I22

CO202593

0.971

0.0440

45

9

5

Oa_splbn_01A12

CN821969

0.741

0.0440

48

30

25

C0007403K23.P1KT7.SCF.S.WELLCO

AM037223

1.421

0.0479

1

14

4

RZPDp1056G2125Q

CO883911

1.287

0.0514

2

23

3

Oa_splbn_11B22

CN822598

1.088

0.0514

35

2

10

C0007401O11.Q1KT3.SCF.S.WELLCO

AM037179

0.818

0.0514
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Table 7. 70 spots showing the greatest levels of differential expression in the scrapie
infected samples K349 vs K289.

Block

Row

Column

16

25

8

43

3

26

Name

ID

M

Pvalue

RZPDp1056E0157Q

CO875191

-1.67

0.0003

25

C0007406M19.P1KT7.SCF.S.WELLCO

AM032158

-1.67

0.0003

24

20

C0007400D08.Q1KT3.SCF.LN.WELLC

C0005605D8

-1.65

0.0003

26

20

24

C0007400D08.Q1KT3.SCF.LN.WELLC

C0005605D8

-1.74

0.0003

47

12

9

RZPDp1056D2028Q

CO886908

-1.63

0.0007

45

12

9

RZPDp1056A1628Q

CO881161

-1.54

0.0009

47

27

24

RZPDp1056D2028Q

CO886908

-1.59

0.0012

46

20

20

C0007397B16.Q1KT3.SCF.LN.WELLC

AM028985

1.39

0.0029

16

19

4

RZPDp1056E0157Q

CO875191

-1.82

0.0030

43

22

16

C0007406M19.P1KT7.SCF.S.WELLCO

AM032158

-1.33

0.0039

39

8

19

1_KN261-024_A08_T3.KN261

AJ691279

-1.23

0.0039

37

19

21

RZPDp1056G0555Q

CO873737

-1.36

0.0042

33

13

1

CXCL10

CXCL10

1.73

0.0042

45

24

1

C0005920G23.P1KT3.WELLCOME

AM011138

-1.73

0.0048

37

21

8

RZPDp1056G0555Q

CO873737

-1.38

0.0048

33

14

19

CXCL10

CXCL10

1.64

0.0048

19

12

25

Oa_splbn_11J22

CN822437

-0.96

0.0048

34

24

6

C0007401L16.Q1KT3.SCF.S.WELLCO

AM034556

-1.30

0.0058

1

21

17

RZPDp1056J0541Q

CO890788

-1.51

0.0066

19

9

10

Oa_splbn_11J22

CN822437

-1.03

0.0066

46

15

12

C0007405M06.Q1KT3.SCF.S.WELLCO

AM033440

-1.23

0.0071

45

27

24

RZPDp1056A1628Q

CO881161

-1.44

0.0073

46

18

12

C0007397B16.Q1KT3.SCF.LN.WELLC

AM028985

1.42

0.0085

358

APPENDIX 2

Block

Row

Column

31

11

6

35

25

27

Name

ID

M

Pvalue

C0007397L17.P1KT7.SCF.LN.WELLC

C0005602L17

-1.14

0.0088

29

C0007401O11.Q1KT3.SCF.S.WELLCO

AM037179

-1.11

0.0088

15

5

1_KN261-047_C16_M13F.KN261

AJ687977

-0.93

0.0098

14

28

18

C0001986h10

AJ820110

-5.34

0.0098

39

23

17

1_KN261-024_A08_T3.KN261

AJ691279

-1.18

0.0098

48

3

10

C0007403J12.Q1KT3.SCF.S.WELLCO

AM034624

1.20

0.0111

30

25

3

Oa_splbn_05I12

CN823601

-1.16

0.0111

12

9

22

C0007387F07.P1KT3.SCF.BM.WELLC

AM006570

-1.25

0.0111

43

13

29

RZPDp1056L0129Q

CO877987

-0.90

0.0111

30

2

1

Oa_splbn_05I12

CN823601

-1.25

0.0111

34

21

15

C0007401L16.Q1KT3.SCF.S.WELLCO

AM034556

-1.26

0.0111

35

2

10

C0007401O11.Q1KT3.SCF.S.WELLCO

AM037179

-1.04

0.0111

2

22

6

RZPDp1056H0150Q

CO891971

2.21

0.0120

39

11

27

Oa_splbn_03F06

CN823112

-1.12

0.0136

39

7

13

C0005920G08.Q1KT7.WELLCOME

#N/A

-1.11

0.0154

6

5

17

RZPDp1056J0956Q

CO873341

-1.16

0.0187

19

27

13

RZPDp1056I1148Q

CO888978

0.77

0.0217

33

24

29

C0005912N04.P1KT3.WELLCOME

AM020969

-1.20

0.0234

6

21

18

RZPDp1056J0956Q

CO873341

-1.09

0.0234

20

8

17

Oa_splbn_01O04

CN821726

-1.46

0.0234

33

28

30

C0005912N04.P1KT3.WELLCOME

AM020969

-1.18

0.0234

42

11

13

Oa_splbn_05J02

CN823596

-0.85

0.0234

43

8

5

1_KN261-043_A01_T3.KN261

AJ694076

-0.76

0.0264

46

24

25

C0007405M06.Q1KT3.SCF.S.WELLCO

AM033440

-1.38

0.0274

27

17

19

C0001989o24

AJ820468

-1.00

0.0274
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Block

Row

Column

23

18

18

16

20

8

Name

ID

M

Pvalue

1_KN261-047_C16_M13F.KN261

AJ687977

-0.99

0.0290

3

C0007407D07.P1KT7.SCF.S.WELLCO

AM034797

-0.95

0.0298

8

3

RZPDp1056L2330Q

CO879027

0.83

0.0298

25

12

24

RZPDp1056B2229Q

CO882195

-1.02

0.0328

19

12

26

RZPDp1056I1148Q

CO888978

0.75

0.0352

30

21

21

C0005920G08.Q1KT7.WELLCOME

C0005338G8

-1.12

0.0352

44

24

17

Oa_splbn_07H01

CN824103

0.84

0.0389

43

3

15

RZPDp1056L0129Q

CO877987

-0.92

0.0394

16

21

11

Oa_splbn_02L04

CN822743

-0.98

0.0410

1

10

5

RZPDp1056J0541Q

CO890788

-1.42

0.0448

30

16

12

C0005920G08.Q1KT7.WELLCOME

C0005338G8

-1.02

0.0456

48

10

11

RZPDP1056D0727Q.R.BERLIN

CO885801

0.79

0.0456

45

10

22

C0007418C20.P1KT3.SCF.L.WELLCO

AM019089

-0.93

0.0481

45

10

12

C0005912F01.P1KT3.WELLCOME

AM015189

-1.15

0.0481

36

24

1

C0005920G23.P1KT3.WELLCOME

AM011138

-1.67

0.0481

41

8

17

Oa_splbn_01E12

CN821899

-0.73

0.0487

7

8

19

C0005919M05.P1KT3.WELLCOME

AM009507

-0.69

0.0487

31

24

7

C0005916A12.P1KT3.WELLCOME

AM023874

0.72

0.0487

24

1

22

MARC_1BOV_99A4

AW654695

0.70

0.0487

34

10

25

Oa_splbn_11L15

CN822400

-1.89

0.0505

15

12

18

RZPDp1056E0157Q

CO875191

-1.29

0.0505

27

18

18

1_KN261-047_C16_M13F.KN261

AJ687977

-0.92

0.0505
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Table 8. 20 spots showing the highest differential expression in two scrapie infected samples
K289 and K331, ordered by increasing P-values.

Block

Row

Column

39

10

12

20

12

20

Name

ID

M

P-value

C0006009P01.Q1KT7.WELLCOME

AM035109

-1.79

0.0002

21

Oa_splbn_14K11

CO202874

-1.92

0.0004

20

16

Oa_splbn_14K11

CO202874

-1.93

0.0004

39

1

20

C0006009P01.Q1KT7.WELLCOME

AM035109

-1.77

0.0004

46

21

12

Oa_splbn_11K01

CN821756

-1.63

0.0029

47

12

9

RZPDp1056D2028Q

CO886908

1.21

0.0138

46

16

27

Oa_splbn_11K01

CN821756

-1.59

0.0138

45

12

9

RZPDp1056A1628Q

CO881161

1.18

0.0172

47

27

24

RZPDp1056D2028Q

CO886908

1.23

0.0185

44

9

12

Oa_splbn_07H01

CN824103

-1.12

0.0247

46

8

1

C0005919N01.P1KT3.WELLCOME

AM004574

0.95

0.0314

44

24

17

Oa_splbn_07H01

CN824103

-0.96

0.0328

35

11

8

1_KN224-007_H14_M13F.KN224

AJ671829

-1.28

0.0383

43

8

5

1_KN261-043_A01_T3.KN261

AJ694076

0.83

0.0383

37

19

21

RZPDp1056G0555Q

CO873737

1.08

0.0394

39

16

22

MARC_2BOV_42H5

BE750905

-0.84

0.0401

39

8

19

1_KN261-024_A08_T3.KN261

AJ691279

1.02

0.0401

33

14

19

CXCL10

CXCL10

-1.34

0.0516

45

27

24

RZPDp1056A1628Q

CO881161

1.22

0.0516

35

24

22

1_KN224-007_H14_M13F.KN224

AJ671829

-1.26

0.0555
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