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Abstract
Antemortem identification of Creutzfeldt-Jakob disease (CJD) patients is initially based upon
clinical presentation of the disease. Symptoms are assessed in combination with results from
cerebrospinal fluid (CSF) analysis, electroencephalography (EEG), magnetic resonance imaging
(MRI), and real-time quaking-induced conversion assay (RT-QuIC) for diagnostic purposes.
Inconsistencies in sensitivities and specificities of prion disease biomarker abundance in CSF
have been described and a lack of standardization for how biomarker levels are measured has
been identified. Clinical presentation and progression of human prion disease is variable due to
factors such as prion protein genotype, prion strain and other undefined genetic or environmental
contributions, which may confound the appearance or abundance of biomarkers. By contrast,
prion disease in laboratory rodents follows a defined disease course as the infection route and
time, prion strain, genotype and environmental conditions are all controlled. We adapted prion
disease to rats, facilitating a proteomic approach to a bioavailable fluid, CSF, at preclinical and
clinical disease stages. This contrasts with human CJD samples, which are generally only
available at clinical stage. The rat CSF proteome was compared between infected rats and agematched controls through mass spectrometry. A number of proteins up-regulated and/or specific
to prion disease were identified. These proteins included known CJD biomarkers, 14-3-3 and
neuron-specific enolase (NSE), demonstrating the utility of using rat prion disease for biomarker
identification. The objective of this study is to validate the use of these markers at clinical stage
and to define the pre-clinical abundance, as the utility of 14-3-3 and NSE at pre-clinical disease
stages are not well characterized. Tracking the progression of prion infection in rats will allow us
to further define prion disease neurodegeneration and will allow for identification of novel
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biomarker candidates that may offer greater utility at both pre-clinical and clinical stages as
diagnostic and prognostic tools.
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1 Chapter 1: Prion Disease Diagnostics
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1.1 Prion Diseases
Prion diseases, or transmissible spongiform encephalopathies (TSEs), are a group of infectious,
neurodegenerative disorders that affect humans and other mammals. Prion diseases are always
fatal and are characterized by an extended preclinical, asymptomatic period followed by a rapid
clinical phase. Prion diseases arise when the normal cellular prion protein (PrPC) is converted
into infectious protease-resistant aggregates, PrPSc, through a process where the α-helical
structure and coil structure is refolded into β-sheet1, 2. This misfolded particle has been given the
term ‘prion’, for its proteinaceous and infectious nature3. Through histopathological findings,
TSEs can be characterized by spongiform degeneration, reactive astrocytosis, and the
accumulation of fibrillary amyloid plaques in the central nervous system (CNS)4. Human prion
diseases such as Creutzfeldt-Jakob disease (CJD) and Kuru have been identified5. Prion diseases
affect other mammals, including sheep (scrapie), cattle (bovine spongiform encephalopathy
(BSE)), and cervids (chronic wasting disease (CWD)) 2, 6. Definitive diagnosis is typically
performed post-mortem, at the end-stage of disease. There is a necessity for highly sensitive and
specific antemortem techniques that will aid in the diagnosis and prognosis of prion infection.

1.2 Human Prion Diseases
Human prion diseases can be categorized aetiologically into three classes: sporadic, genetic, and
acquired. These classifications are further divided based on molecular features7.
1.2.1 Sporadic CJD
The human prion disease, sporadic CJD (sCJD) was first described by Hans Gerhard Creutzfeldt
and Alfons Maria Jakob in the early 1920’s3. sCJD accounts for greater than 80% of CJD cases;
the rate of occurrence is approximately one case per million per year worldwide3. The cause of
sCJD remains unknown. It has been hypothesized that sCJD may result from the horizontal
transmission of prions from humans or animals, from somatic mutation of the PrP gene, or
spontaneous conversion of PrPC to PrPSc 3. Codon 129 on the prion protein gene (PRNP) is the
site of a common polymorphism that impacts CJD susceptibility and involves methionine (M)/
Valine (V). Possible genotypes are MM or VV homozygous, or MV heterozygous at codon 129.
There are two types of PrPSc associated with human prion diseases: PrPSc type 1 and PrPSc type 2,
which are distinguishable based on size and resistance to proteinase K (PK) digestion which is
observed on Western blots8, 9. The electrophoretic profile of protease resistant PrPSc
2

unglycosylated fragments in sCJD are observed at 21kDa (type 1) or 19kDa (type 2)10-13. Six
molecular type classifications are determined based on codon 129 polymorphisms and PrPSc
type: MM1, MM2, MV1, MV2, VV1, and VV2 (Figure 1-1)14. These six types do not
necessarily display unique clinical and pathological differences, but can be further classified
based on other features, for example: pathology, prevalence, age of onset, disease duration, and
clinical presentation (Table 1-1)14, 15. Clinicians characterize sCJD according to World Health
Organization (WHO) standards based on presentation of symptoms and biomarker indicators to
classify patients as having possible or probable sCJD 16. Definite sCJD is determined via postmortem analysis of the diseased brain (Figure 1-1).
1.2.2 Genetic CJD
Genetic CJD is associated with autosomal dominant genetic polymorphisms of the PRNP gene
and accounts for 10-15% of CJD cases7, 17. More than 50 mutations in the open reading frame of
PRNP have been described18. There is variability in the clinical and pathological findings, age of
onset, and disease duration which can also depend on the codon 129 polymorphism17, 19, 20.
Genetic CJD can be further categorized into three phenotypes: genetic Creutzfeldt-Jakob disease
(gCJD), Gerstmann-Straussler-Scheinker disease (GSS), and fatal familial insomnia (FFI)
(Figure 1-1). Genetic CJD can be caused by point or insertional mutations including E200K and
V210I18. E200K and V210I mutation carriers typically demonstrate clinical and pathological
features similar to sCJD (MM1) cases where the average age of clinical onset is between 50 and
70 years and disease duration is typically less than six months18. The most common mutation for
GSS occurs at codon 102 (P102L)18. GSS is associated with prominent ataxia and dementia tends
to set in at the late stage of disease with disease duration is between 1 and 7 years18. GSS
histopathology reveals large PrP-amyloid plaques in the molecular layer of the cerebellum and
spongiform changes are often missing18. FFI is the most common genetic prion disease
worldwide18. Early symptoms include sleep and vigilance disturbances, cognitive deficits, spatial
disorientation, hallucinations, autonomic disturbances, and motoric signs18. Disease duration for
FFI ranges between 6 and 72 months18. The duration of illness for genetic prion diseases is often
extended when compared to sCJD, where clinical stage may last for several years19.

3

1.2.3 Acquired CJD
The acquired form of CJD is distinguishable from sCJD by early age of onset, absence of
electroencephalography (EEG) changes typically found in CJD and presence of distinct neuropathological features17. Acquired CJD affects <1% of the global population. Transmission is
either oral through contaminated food products or iatrogenic via surgical instruments, and tissue
transplants21. Three forms of acquired CJD have been identified; Kuru, iatrogenic CJD (iCJD),
and variant CJD (vCJD) (Figure 1-1).
Kuru was first identified in the Fore people of Papua, New Guinea by Gajdusek and colleagues
in 1957, and is the result of ritualistic cannibalism5,22, 23. Neuropathology of Kuru is
characterized by amyloid plaques, astroglial and microglial proliferation, and spongiosis of the
diseased brain24. In 1959, William Hadlow proposed that scrapie infection observed in sheep was
similar to that observed in Kuru patients and had the potential to also be infectious25. Animal
bioassays were performed and Kuru was the first human neurodegenerative disease found to be
infectious via transmission into chimpanzees in 1966, followed by the transmission of CJD into
chimpanzees in 196823, 26. Further investigation in Kuru-affected areas led to conclusions that
MM homozygous was the more susceptible genotype and had an earlier age of disease onset and
a relatively short incubation period in comparison to the late disease onset with a long incubation
period observed in MV and VV genotypes 27.
Persons at risk of iatrogenic CJD include recipients of human tissue derived pituitary hormone
treatment (either growth hormone or gonadotrophin), dura mater grafts (until 1992 for Lyodura
grafts, until 1997 for Tutoplast Dura grafts), corneal grafts, or patients who have been exposed,
via contact with instruments, to high-infectivity tissue of confirmed CJD patients, as summarized
by the Public Health Agency of Canada28, 29. Use of sources such as cadaver-sourced pituitary
growth hormone were prohibited in 1985 in the UK, iatrogenic CJD continues to be problematic
in this area. One study that investigated growth hormone induced iatrogenic transmission of CJD
in the years 2000-2014, found the frequency of cases that continue to be identified fall between
0-6 cases per year in the UK 30. Furthermore, an extended incubation period of 18-40 years was
observed in these cases. In Canada, there have been four reported cases associated with dura
mater grafts, and no corneal graft or human growth hormone associated CJD reports29.
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Variant CJD is the result of an exposure to BSE prions31. There have been 178 cases reported in
the UK, and an additional 54 cases worldwide in 11 different countries, with 2 reported in
Canada (as of July 2016)32, 33. It has been hypothesized that a portion of the UK population could
still be incubating vCJD with a possibility for secondary vCJD cases via blood or tissue
donations and surgical instrument contamination34. A study of archived appendix samples
investigated the prevalence of subclinical prion infection. The study characterized samples from
1941-60 and 1961-85 birth cohorts, as well as samples removed from 2000-201235 and identified
an estimated prevalence of 1 in 2000 people to be carriers, suggesting that a second wave of
subclinical carriers have not been detected in the population35. Furthermore, iatrogenic
transmission of vCJD has been demonstrated by three secondary vCJD cases that have been
linked to blood transfusions, where one blood donation was made more than 3 years prior to the
donor became symptomatic for vCJD34, 36. The possibility of a population acting as silent carriers
underlies the importance of epidemiological surveillance systems and the need for pre-clinical,
antemortem testing31, 35.

1.3 Detecting Prion Diseases
Historically, detection of prion infection relied on histopathology, identification of spongiform
degeneration, combined with animal bioassay. While definitive determination of prion infection
is performed post-mortem, emphasis has been placed on antemortem detection to gain further
understanding into the pathobiology of prion infection at preclinical and clinical stages, to
investigate therapeutic intervention, and to mitigate risk of transmission.
1.3.1 Current Ante-mortem Methods for CJD Diagnosis
1.3.1.1 Biopsy
The gold standard for definitive diagnosis of CJD is the histopathological examination of brain
biopsies, or occasionally tonsil for suspected vCJD cases37. Testing is performed during the
clinical stage of disease. Although this technique can be utilized for confirmatory diagnosis, the
procedure is highly invasive. Diagnosis in the clinical phase of disease combined with the
invasiveness and risk associated with this technique emphasizes the need for earlier and more
practical testing. Analysis of the diseased brain is generally only performed via post-mortem
autopsy37.
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1.3.1.2 Electroencephalography (EEG)
EEG can be used for the ante-mortem diagnosis of CJD. In sCJD, a disease-specific pattern is
displayed, where periodic sharp wave complexes (PSWCs) consisting of triphasic waves at 1-2
Hz can be observed17. These characteristic EEG patterns are only observed in the later stages of
the disease. Furthermore this test demonstrates variable sensitivity (65-85%) and can be
occasionally observed in other neurodegenerative disorders38-41. Age of onset and disease
duration may also have an impact on sensitivity42. EEG analysis demonstrates lower sensitivity
and specificity in genetic and acquired prion diseases, including vCJD, when compared to sCJD
cases43-46.
1.3.1.3 Magnetic Resonance Imaging (MRI)
Initially MRI played a minimal role in the clinical diagnosis of CJD, and was primarily used for
differential diagnosis to exclude other explanations for brain damage such as stroke (ischemic or
hemorrhagic), multiple sclerosis, hydrocephalus, tumors, or chronic meningoencephalitis47, 48.
Hyper-intensities have been found to correlate with the location of vacuolation and PrPSc
deposition and can be used to distinguish strains and sCJD molecular subtypes39, 49. In 2009, it
was reported that the basal ganglia and cortical hyper-intensities represent the most frequent
MRI findings in sCJD and are present in most cases50. Diffusion-weighted imaging (DWI)
provides image contrast based on differences in the magnitude of diffusion of water molecules
within the brain51. Fluid-attenuated inversion recovery (FLAIR) imaging suppresses CSF
signal52. Combining both DWI and FLAIR imaging allows for 91% sensitivity, 95% specificity,
and 94% accuracy in differentiating CJD from other dementias39. It was proposed that MRI be
added to the WHO diagnostic criteria of sCJD in 200939, 50, 53, 54. MRI has proven to have greater
sensitivity and specificity than EEG and current cerebrospinal fluid (CSF) biomarkers42, 55-57.
One key challenge with this technique is the accuracy and skill of the individual performing this
procedure. Improper data acquisition and display technique as well as the susceptibility and
motion artifacts may substantially impair interpretation and impact diagnosis39.

1.4 Comparison of PrPSc detection with surrogate marker detection
1.4.1 Detection of PrPSc
As confirmatory diagnostic testing is performed post-mortem, it is important to develop antemortem testing strategies that are less invasive. PrPSc is present in accessible tissues or body
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fluids such as blood, urine, saliva, and CSF. One infectious prion is roughly the equivalent to
<102 aggregated PrPSc molecules, making direct detection of infectious prion protein
challenging, as protein levels in these bio-fluids are lower than the threshold of detection of most
immunoassays58. Methods of amplification such as protein misfolding cyclic amplification
(PMCA) and Real-time quaking-induced conversion (RT-QuIC) make it possible to detect low
levels of PrPRes.
PMCA is a rapid and flexible in vitro PrPSc amplification technology that is used to detect PrPSc
in tissues and biofluids using conventional assays such as western blot. The substrate used is
naturally occurring PrPC that is glycosylated and contains glycosylphosphatidylinositol (GPI)
anchor59, 60. PMCA exploits the natural ability of PrPSc to convert PrPC into protease-resistant
aggregates. Samples undergo cycles of sonication and incubation with PrPSc template-dependent
conversion61. PMCA can be used to model aspects of prion replication relevant to human prion
disease, such as the influence of PrPSc type, PRNP polymorphisms, and transmission barriers59.
Unfortunately PMCA analysis has the potential to be confounded by de novo generation of
PrPRes via off-target amplification of normal, non-infectious material62. In addition, novel PrPSc
isoforms with unique biochemical properties may exhibit increased sensitivity to PK digestion
(PrPSen). Therefore, a second limitation of PMCA is that the amount of PrPSc detected may not be
representative of the infectivity being observed63.
RT-QuIC is also a seeded prion protein conversion assay. In contrast to PMCA, RT-QuIC assay
utilizes recombinant prion protein (recPrP) as the substrate instead of PrPC. Recombinant PrP is
purified, bacterially expressed PrP, devoid of glycans and GPI anchor, and has been through a
cycle of denaturation and refolding during purification24. Conformational change is initiated in
recPrP after seeding with PrPSc material and undergoing periodic shaking instead of
sonication59,49,64, 53. The result is amyloid formation of recPrP that binds with thioflavin T (ThT),
which is used to produce fluorescence. The fluorescence is measured using a spectrofluorometer
and monitored over time59, 65-67. It has been shown that vCJD samples were considerably slower
at seeding than sCJD samples; these differences are have been attributed to molecular properties
or different proportions of recPrP that are sensitive to PK digestion25, 59, 68. While the positive
detection of PrPRes establishes a positive diagnosis of prion infection, negative results cannot
confirm the absence of prion infection58. In CSF samples, <80% sensitivity and 100% specificity
7

for sCJD has been reported using this method67, 69, 70, with some studies reporting as high as
100% sensitivity70. RT-QuIC has recently been added to diagnostic criteria for applications in
health care settings, in conjunction with other known biomarkers to optimize both sensitivity and
specificity66, 70, 71. Currently, use of this technology is limited to diagnostic applications in
clinical stage of disease71.
1.4.2 Indirect Detection Using CSF Surrogate Markers
CSF surrogate markers of CJD infection are tools that are used in combination with other
techniques to rule out other disorders and increase certainty of diagnosis. With the discovery
that proteins 130 and 131 belong to 14-3-3 family of proteins, a pre-mortem immunoassay of
CSF from humans and animals with TSE was developed72. Presence of 14-3-3 proteins in CSF
was reported as a potential biomarker for TSE’s, and was added to the WHO diagnostic criteria
for sporadic CJD (sCJD) in 199816, 72, 73. 14-3-3s are 28-30kDa proteins present in all eukaryotic
cells, and make up nearly 1% of all soluble brain proteins74-77. There are 7 isoforms of 14-3-3
that form cytosolic dimers78. Beta (β) and gamma (γ) isoforms are biomarkers in the pre-mortem
diagnosis of human prion diseases, specifically sCJD79. The 14-3-3 proteins are not specific
markers for prion disease but indicate rapid neuronal loss and are found in other neurological
diseases80. A secondary biomarker that has been commonly reported in CJD diagnostics is
neuron-specific enolase (NSE)81. NSE is a dimer formed in neurons and neuroendocrine tissues
with isoforms, α-γ and γ-γ82-85. Increased concentration of 14-3-3 or NSE proteins in CSF
elevates the diagnostic certainty from possible (typical clinical presentation) to probable (typical
clinical presentation with additional confirmatory test results) CJD86, 87. Other proteins that have
been reported to be elevated in CSF in sCJD patients include S-100B, and Tau protein88. S100B
is produced by astrocytes, microglial cells and oligodendroglial cells89, 90. This protein acts as a
stimulator of cell proliferation and migration, and inhibits apoptosis and differentiation91. Tau
proteins are microtubule-associated proteins involved with microtubule-assembly and
stabilization92. Abnormal modifications are associated with many neurodegenerative diseases93.
Importantly, none of these proteins are not prion disease specific and may be representative of
CNS damage and neuronal death58. Sensitivity and specificity can be highly variable and may be
influenced by factors including age at onset, stage of illness when the sample was collected, as
well as the form of CJD; in vCJD for example, protein sensitivities are much lower (25%60%)88. The importance and limitations of surrogate markers for prion infection will be further
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discussed in Chapter 2. Through the combination of tests including EEG, MRI, CSF testing, and
clinical presentation, a multimodal approach can be taken to determine a possible or probable
diagnosis of CJD that can be made with increasing certainty 50, 58, 80.

1.5 Diagnostics in Other Mammals
In sheep and goats, clinical signs of prion infection include pruritus, weight loss, wool pulling,
difficulty standing, body tremor, heightened sensitivity to sounds and movement, and other
abnormal behaviors6. BSE affected cattle may show changes in temperament such as
nervousness or aggression, abnormal posture, lack of coordination, trouble standing, and weight
loss6. The signs for CWD in cervids can include emaciation, excessive salivation, ataxia,
drooping head and ears, weakness, and behavioral changes6. These signs are not specific enough
to confirm a diagnosis of prion disease. Definitive diagnosis is achieved through post-mortem
analysis of the diseased brain and is demonstrated through resistance of the prion protein to PK
digestion6.
Scrapie is a TSE with a worldwide distribution and has been endemic for over 250 years in
Britain and Europe94. Management strategies involve eradicating diseased animals as well as
populations with highly susceptible genotypes, and breeding programs are in place to promote
less susceptible genotypes94. These strategies are now used in combination with preclinical,
antemortem testing for PrPSc using immunohistochemistry (IHC) staining of lymphoid biopsy
samples from tonsil, third eyelid, and rectal mucosa94.
CWD is a prion disease in both farmed and free-ranging cervids (e.g. elk, deer, and moose). The
spreading of this disease across 24 U.S. states, 2 Canadian provinces, the republic of Korea, and
the recent discovery of the disease in moose and reindeer in Norway, brings CWD to the
forefront of diagnostics and surveillance95-97. Tissues such as the obex and medial
retropharyngeal lymph nodes (RLN) offer high sensitivity and specificity in IHC analysis,
however, these tissues can only be collected post-mortem, causing surveillance and individual
screening to be limited98. Alternatively, PrPSc accumulates in lymphoid tissues during the long
pre-clinical stage. Biopsy of lymphoid tissues from the palatine tonsil, third eyelid, rectoanal
mucosa-associated lymphoid tissue (RAMALT), and nasal brush samples collected from
olfactory epithelium can be used for pre-clinical, ante-mortem diagnostics, where PrPSc is
detectable through IHC immunolabelling techniques99, 100.
9

RT-QuIC has been applied to diagnose sheep scrapie, rodent-adapted scrapie, and CWD101.
Recently, a study investigated the use of RT-QuIC on RAMALT biopsy samples and nasal
brushings on CWD cervids98. RT-QuIC used on RAMALT samples revealed 79.6% sensitivity
and 100% specificity, which is similar to results observed in IHC testing98. Unfortunately,
sensitivity for nasal brushings was reportedly very low98. Culling costs, costs of implementing
live testing, animal welfare management, food safety, trade restrictions, and maintenance of
genetic diversity are dynamic factors that influence strategies in determining the most efficient
and cost effective methods to mitigate risk of transmission102. Additional investigation is still
required to improve sensitivity and specificity for preclinical testing that may offer practical
application in herd management strategies for trade, relocation, and reintroduction.

1.6 Development of Rat-Adapted Scrapie
Laboratory animals with prion infection offer many advantages in the identification and
development of biomarkers. Many factors can be controlled such as known time of infection and
ability to track preclinical and clinical disease stages. The most commonly used animals for
prion investigation are hamsters and mice. Although infection is well characterized in the
hamster model, it is restricted by the lack of genomic and proteomic bioinformatics knowledge,
limiting the identification of specific peptides and proteins based upon masses. Furthermore, the
volume of CSF obtainable from hamsters is very low (approximately10µl), preventing
fractionation schemes that could reduce protein complexity, a critical step for detecting lower
abundance proteins4. Mice have similar challenges of limited CSF volume available for analysis.
In contrast, the rat provides sufficient CSF to examine disease biomarkers and also has known
genomic and proteomic bioinformatics. In a study from Herbst et al, 2015, mouse Rocky
Mountain Laboratories (RML) scrapie agent was used for primary passage into female, SpragueDawley rats (Figure 1-2)103. After one year of incubation, mouse RML scrapie agent was found
to transmit into the rat, evidenced by accumulation of PrPSc in brain homogenate samples after
treatment with PK (Figure 1-3). After multiple passages, incubation period stabilized at ~200
days post inoculation (dpi), similar to results from Kimberlin et al104. Accumulation of PrPSc
compared to uninfected controls was observed via western blot in 3rd passage and 4th passage and
was observed at 117 days post inoculation (dpi) in brain homogenate samples after PK digestion
(Figure 1-3). In a subsequent time course study (discussed in the remaining chapters), brain
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homogenate samples at an earlier time point of 75 dpi were analysed and PrPSc accumulation was
detected using similar conditions as previously described in Herbst et al, 2015 (Figure 1-4).
Histopathological hallmarks, including glial astrocytosis, PrPSc accumulation and spongiosis,
were also observed in the hippocampal region of the diseased brain, (Figure 1-5). CSF samples
collected from uninfected and infected rats underwent mass spectrometry analysis. Results
identified 10 proteins with an increase in infected rats compared to uninfected, which included
known CJD biomarkers, 14-3-3 proteins, and NSE (Table 1-2).

1.7 Hypothesis and Objectives
Many factors have been hypothesized to impact biomarker sensitivity, including disease strain,
subtype, duration, age at onset, and timing of lumbar puncture42, 55, 73, 88, 89, 105-110. Specificity is
determined by comparing detection of prion biomarkers in sCJD to other cohort populations,
such as: other prion diseases, other dementias (e.g. Alzheimer’s disease), and non-CJD
controls88, 107, 108. Uniform methods for distinguishing between CJD-infected and uninfected
patients using biomarkers are not well defined111. For western blot analysis, proteins are scored
based on visual assessment of presence or absence of bands where scoring is subject to
interpretation, or semi-quantified through densitometry analysis79, 111. ELISA offers a
quantitative method, however, the cut-off point for determining sensitivity and specificity is
determined based on a threshold that is not universal among laboratories10. As a result, a wide
range of sensitivities and specificities have been reported for CSF biomarkers of CJD40, 112-114.
For example, 14-3-3 detection was reported to range from 53-97% in sensitivity and 40-100% in
specificity depending on the study, demonstrating the variability in test validity55. Early testing
of prion disease biomarkers was performed on small populations and many cases were not
subject to neuropathology confirmation and gave rise to discrepancies114,115. Furthermore, the
presence of 14-3-3 and NSE in CSF of prion infected patients does not appear to be specific to
prion disease; these proteins are present in CSF from patients with other sources of neuronal
injury e.g. brain trauma, brain tumors, subarachnoid hemorrhage, stroke, hypoxemia, and
encephalitis116-123 . This lack of specificity may result in false positives if applied to a diverse
patient population, therefore, CSF biomarker testing is restricted to patients with strong clinical
symptoms indicative of CJD115, 124, 125. Because patients are assessed for CSF biomarkers only
after clinical onset, the positive predictive values in CJD studies are often overstated115.
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The development of direct methods for testing presence of PrPSc (RT-QuIC), limits the utility of
indirect surrogate markers for diagnostic purposes. However, these markers may still be
beneficial for prognosis in terms of predicting stage of prion infection. For example, abundance
of 14-3-3 may be related to strain, subtype, and disease duration; presence or absence of this
protein has the potential to offer predictions of rate of neuronal death and strain differentiation
when assessed over time45. Therefore, the objective of this study was to determine if 14-3-3 and
NSE offer value in diagnosis and prognosis of prion disease by investigating 1) how known
biomarkers would perform in a study where genetic and environmental conditions could be
controlled, and 2) if normalization methods (volume vs concentration) would have an effect on
biomarker accuracy. We hypothesize that by controlling for these factors, known biomarkers
will have greater accuracy in distinguishing between infected and uninfected, and protein
abundance will track with prion disease progression (Chapter 2). We also hypothesize that the
RAS model will allow for identification of novel biomarkers that may offer greater utility for
prognosis in prion disease (Chapter 3).
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Table 1-1. Comparison of molecular type, prevalence, age of onset, disease duration,
clinical symptoms, and diagnostic findings in sporadic CJD

Molecular

Pre

Onset

Duration

Type

v.

(years)

(months)

Clinical Symptoms

Diagnostics

(%)
MM or MV
Type 1 (40%)
and 2 (28%)

68

69
(42-89)

4
(1-26)

VVType 2
(15%) or Type
1 and 2 (3%)

18

65
(45-85)

6
(3-18)

Rapid dementia
Myoclonus
50% ataxia at onset
30% visual impairment
Ataxia at onset
Dementia

MV Type 2
(with plaques)

8

65
(48-81)

16
(5-48)

Dementia
Ataxia

MV Type 2
(with plaques
and vacuoles)
MM or MV
Type 2 (with
vacuoles)

3

NA

NA

1

68
(61-75)

20
(12-36)

MM Type 2
(with thalamoolivary
atrophy)

1

52
(36-71)

16
(8-24)

VV Type 1

1

39
(24-49)

15
(14-16)

NA
Dementia
Myoclonus
Pyramidal signs
No ataxia
Insomnia
Psychomotor
hyperactivity
Ataxia
Motor signs
Dementia
Myoclonus
Pyramidal signs

EEG Positive
14-3-3 Positive
MRI: Basal ganglia and
cortex
EEG Negative
14-3-3 Positive
MRI: Basal ganglia and
thalamus
EEG Negative
14-3-3 Negative in 40%
MRI: Basal ganglia and
thalamus
NA
EEG Negative
14-3-3 Positive
MRI: Cortex
EEG Negative
14-3-3 Negative
MRI: Thalamus gliosis
EEG Negative
14-3-3 Positive
MRI: Cortex

Types of sporadic CJD are highly variable based on molecular type (MM, VV, MV – type 1 and
2), prevalence, age at onset, disease duration, and clinical symptoms. Molecular, pathological,
and clinical features add complexity to interpretation of diagnostic testing. NA is no published
data available. Adapted from Parchi et al, 201114, and Sim, 201315.
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Table 1-2. CSF proteins in RAS infection.
A)

Known Biomarkers
14-3-3 zeta/delta
14-3-3 epsilon
14-3-3 gamma
Neuron-specific Enolase

B)

Novel Biomarkers
Ribonuclease T2
Cathepsin D
Complement Factor H
Granulin
Macrophage Colony Stimulating Factor 1
Receptor
Serine Protease Inhibitor A3N

Mass spectrometry analysis identified ten proteins that were present in prion-infected animals
compared to uninfected controls. A) Known markers of prion infection were identified including
14-3-3 and NSE. B) Novel markers of prion infection were also identified including ribonuclease
T2.
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Figure 1-1. Schematic for categorization of human prion disease.
A) Human prion diseases can be categorized into sporadic, genetic, and acquired CJD, based
on origin. Sporadic CJD types include MM1, MM2, MV1, MV2, VV1, and VV2. Genetic
phenotypes include genetic Creutzfeldt-Jakob disease (gCJD), Gerstmann-StrausslerScheinker disease (GSS), and fatal familial insomnia (FFI). Acquired CJD types include:
Kuru, iatrogenic CJD (iCJD), and variant CJD (vCJD). B) Clinical presentation leads to
diagnostic testing that may result in possible or probable classification of prion infection.
Diagnostic criteria is adapted from World Health Organization diagnostic criteria 199816.
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Figure 1-2. Generation of rat-adapted scrapie (RAS).
Rocky Mountain Laboratories (RML) mouse-adapted scrapie was used for transmission to rats.
After 1 year of incubation, first passage rats were euthanized to determine the extent of PrPSc
accumulation. PrPSc was observed and the first passage brain homogenate serially passaged until
becoming rat-adapted (indicated by the decrease in and stabilization of the incubation period).
Adapted from Herbst et al, 2015103.
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Figure 1-3. Accumulation of PrPSc in rat-adapted scrapie (RAS).
Brain homogenates from each passage were assayed for the presence of PrPSc by immunoblot
after treatment with Proteinase K (PK). PrPSc was observed following phosphotungstenic acid
(PTA) enrichment at first passage. Di- and mono- glycosylated bands were the most abundant
isoforms of PrPSc. Uninfected age-matched controls are shown for 3rd and 4th passage animals.
By fourth passage, PrPSc accumulated to substantial levels by 117 days post-infection (dpi).
Courtesy of Herbst et al, 2015103.
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Figure 1-4. Time course detection of PrPSc
Rat brain homogenate untreated (panel A) and treated with proteinase K (panel B) with n=3 per
time point (75, 113, 148, and 200 days post inoculation (dpi)). After PK digestion, PrPSc remains
and is observed as early as 75 dpi.
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Figure 1-5. Histological analysis of rat-adapted scrapie (RAS) in the hippocampus at
clinical disease.
Infected animals showed intense immuno-staining for deposits of PrPSc and GFAP expressing
astrocytes. Spongiform change is an abundant feature in rat prion disease. The scale bar
represents 250µm. Courtesy of Herbst et al, 2015103.
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2 Chapter 2: Lack of Diagnostic and Prognostic Utility of Known
Prion Disease Biomarkers
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2.1 Introduction
Through use of the rat model, we hypothesized that we would be able to describe the utility of
14-3-3 and NSE for diagnosis and prognosis using a controlled system. Prion infection in the rat
i) provides sufficient CSF to examine disease biomarkers that track with disease progression
over time, and ii) facilitates analysis of CSF at defined preclinical stages of infection. We
hypothesized that by controlling for parameters of prion disease (time of infection, prion strain
and dose) and other variables (age, genetic background, and environment), that biomarkers (143-3 and NSE) would more accurately differentiate between infected and uninfected animals and
track with disease progression.

2.2 Materials and Methods
2.2.1 Ethics Statement
This study was carried out in accordance with the guidelines of the Canadian Council on Animal
Care. The protocols used were approved by the Institutional Animal Care and Use Committee at
the University of Alberta.
2.2.2 Prion Infection and CSF Collection
Weanling female Sprague Dawley rats were inoculated via intracranial infection with 50µl of
10% rat brain homogenate prepared in water. Signs observed at clinical onset (~180-193 days
post inoculation) included porphyrin staining, myoclonus, kyphosis, ataxia, and weight loss. CSF
samples from RAS-infected rats were collected at preclinical (75, 113, and 148 (dpi)) and
clinical time points (193 dpi), and compared with uninfected, age-matched control samples.
Brain tissue was collected from rats infected with rat-adapted scrapie (RAS) at clinical stage and
uninfected, age-matched controls as previously described103. At specified time points, rats were
anesthetized with isoflurane and CSF collected via puncture of the cisterna magna with a 25
gauge neonatal spinal needle (BD Biosciences). CSF volumes of 100-200µL were routinely
obtained and scored for blood contamination (Table 2-1). CSF was touch spun for 30s at 2000xg
on a benchtop "nano" centrifuge to reduce blood contamination (presence of a red cell pellet) and
supernatant was collected. Samples that scored level 3 (+++) or higher for blood contamination
were discarded. Samples were frozen and stored at -80 ̊ C.

21

2.2.3 Immunoblotting
Total protein concentration analysis of CSF samples was performed in duplicate and determined
using Pierce BCA protein assay kit. Equal volumes of CSF from each of the 4 samples used in
each time point in the pooled data (Figure 2-1) were taken and added to a new 0.5ml
microcentrifuge tube and vortexed to make a homologous mixture before adding sample buffer
and heated to 100 ̊ C. CSF samples were heated in Laemmli buffer for 10 mins. Bis-Tris SDSPAGE was performed in duplicates or triplicates (110 volts for 2.5 hours) on 12%
polyacrylamide gels (Invitrogen) and transferred on PVDF membrane for western blotting for 2
hours at 35 volts. PVDF membranes were blocked for 1 hour in milk blocking solution (5% milk
in Tris buffered saline + Tween 20 (TBS-T)). Two markers for 14-3-3 were chosen for western
blot analysis: 14-3-3 pan and 14-3-3 gamma. 14-3-3 pan is recommended by the WHO16, while
14-3-3 gamma is present in neurons126. Antibodies against 14-3-3 pan and 14-3-3 gamma were
purchased from Santa Cruz and used a concentration of 1:1000. NSE antibody was purchased
from Abcam and used at a dilution of 1:2000. Membranes incubated in primary antibody
overnight at 4ºC. Membranes were washed 6 times for 4 minutes in TBS-T before incubating in
secondary antibody for 1 hour. The secondary antibody used was goat anti-rabbit HRP used at a
concentration of 1:10 000. Membranes were washed and immersed in Pierce ECL western
blotting substrate (1:1) for imaging.
2.2.4 Statistical Analysis
Densitometry analysis was performed on western blot data for semi-quantification using Adobe
Photoshop CS6 Extended version to determine absolute band intensity. This data was used to
generate a receiver operating characteristic (ROC) curve to plot sensitivity vs 1-specificity. The
area under the curve (AUC) was calculated to determine the diagnostic accuracy of the
biomarkers. ROC curves plot all possible sensitivity/specificity pairs at different thresholds.
AUC values were calculated to determine the ability of each marker to accurately distinguish
between healthy and prion infected rats 47. AUC values range between 0.5 and 1, where 0.5
indicates the biomarker is not able to differentiate between infected and uninfected, and 1
indicates 100% sensitivity and specificity and is a perfect result. The AUC is a Mann-Whitney
version of the nonparametric two-sample statistic. The ROC curves and AUC values were
generated using Graphpad Prism 5 Software.
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2.3 Results
2.3.1 Pooled CSF Time Course Characterization
Initial analysis involved pooled samples (equal volumes of CSF from four rats) for each time
point and 10ul of sample was loaded per well. Evaluation of pooled samples allowed us to
examine the difference in protein levels between infected and uninfected, as well as to refine the
timeline for when these differences were observed. Loading by volume was initially chosen as a
method of standardization. We observed 14-3-3 and NSE markers early (75 and 113 dpi) in both
control and infected animals (Figure 2-1). Presence of these proteins remained in the infected
group to clinical time point (193 dpi) but was reduced in control animals over time. Protein
biomarker levels in infected groups did not increase or track with disease progression. In
addition, 14-3-3 and NSE biomarkers were detected in the control groups at early time points
(Figure 2-1), which led us to analyze individual variability.
2.3.2 Individual Variability at 193 Days (Standardized by Volume)
Six samples from clinically infected (193 dpi) and six age-matched controls were standardized
by loading 10ul of CSF sample per well (Figure 2-2). Levels of 14-3-3 and NSE detected in
western blot analysis showed considerable variability in infected samples. These proteins were
also detected in some uninfected controls. The difference between the mean signal of intensity of
infected and uninfected was not significant for all markers. AUC values of 0.83 and 0.81 were
determined for 14-3-3 pan and gamma respectively with p-values greater than 0.05 (95%
confidence interval), indicating that, although there was a trend toward significance, these values
were not statistically able to differentiate controls from infected (Table 2-2). NSE had even
lower accuracy with an AUC of 0.66 (p>0.05), and did not distinguish between infected and
uninfected at clinical stage.
2.3.3 Individual Variability at 193 Days (Standardized by Total Protein Concentration)
We subsequently investigated whether variations in protein load could influence detection levels
by normalizing total protein concentration (Figure 2-3). Individual samples were standardized by
loading 4ug of protein per well. This change in loading resulted in increased AUC values for 143-3 and NSE. 14-3-3 pan and gamma displayed an increase in AUC values to 0.99 and 0.97
respectively (p<0.05), demonstrating that these tests were accurately able to differentiate
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between infected and uninfected, and results were statistically significant. AUC for NSE was
found to only marginally increase to 0.75 (p>0.05); a significant difference was not found
between infected and uninfected individuals for this marker. A summary for comparison of the
two methods of standardization is found in Table 2-2.
2.3.4 Individual Variability, Preclinical (Standardized by Volume)
One advantage of the rat prion disease is the ability to study CSF samples at defined preclinical
time points. We investigated presence of 14-3-3 and NSE in CSF during preclinical stages of
prion infection. Six samples from preclinical time point (148 dpi), and six age-matched controls
were standardized by loading 10ul of CSF sample per well and analysed. Analysis of individual
animals revealed considerable variability in protein levels for both 14-3-3s and NSE in infected
individuals (Figure 2-4). AUC values were 0.58, 0.61, and 0.69 for 14-3-3 pan, gamma, and
NSE respectively. Furthermore, levels of these markers were also detected in individual controls.
The low AUC values confirmed that these tests were not able to distinguish between diseased
and control animals and p-values were not statistically significant (p>0.05).

2.4 Discussion
Inconsistencies in reported sensitivities and specificities of 14-3-3 and NSE have brought much
debate to the overall utility of these markers for prion disease diagnosis. We hypothesized that
standardizing the system would demonstrate consistency and accuracy in biomarker diagnostic
testing for prion infection. We utilized the rat, as it allows for the characterization of biomarkers
in preclinical and clinical stages in a system that is standardized for numerous confounding
factors. In our controlled system, absolute band intensity for 14-3-3 and NSE protein levels were
measured from the immunoblot at both preclinical and clinical stages of disease. Biomarker tests
were not able to distinguish between animals affected with prion disease and controls when
loaded by volume, confirming a lack of diagnostic utility for 14-3-3 and NSE in the rat. New
methods for standardizing loading of samples require further investigation. These findings may
have implications for use of these markers in current CJD diagnostics.
Studies have investigated CSF biomarkers in “early sCJD” and have tracked biomarker levels
over multiple time points127, 128. However, these studies have only analyzed biomarkers during
early clinical stage of infection and found protein abundance to be highly variable across
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individual patients. Using the controlled rat model, we further hypothesized that known prion
disease biomarkers such as 14-3-3 and NSE may offer utility in predicting stage of disease for
early detection that will aid in prognosis. Results demonstrated that even in this controlled
system, 14-3-3 and NSE markers did not track with disease progression and protein levels were
highly variable.
Improvements in the ability to detect low levels of PrPSc in bio-available fluids have been made
possible through methods such as RT-QuIC. The effectiveness of RT-QuIC in combination with
MRI brings into question the utility of other CSF biomarkers for prion diagnosis. Recently,
mouse models have provided evidence that with prion replication and accumulation, there
becomes a limitation to substrate availability due to the downregulation of PrPC, causing levels
of infectious prion protein in the brain to plateau during the preclinical phase of prion
infection129. Currently RT-QuIC has only been shown to be effective in clinical onset of prion
infection and the “plateau effect” may prevent this method from being useful in prognosis. One
objective of this study was to evaluate known prion disease biomarkers to assess prognostic
utility in a controlled system. In this study, we found that 14-3-3 and NSE abundance did not
increase over the course of infection and remained highly variable in individual RAS samples
that were standardized by volume, indicating a lack of prognostic utility for 14-3-3 and NSE for
prion infection.
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Table 2-1. Blood Contamination Scoring.

Blood contamination Scoring
-Blood
Level 1 (+)
Level 2 (++)
Level 3 (+++)

Level 4 (++++)












Definition
Colorless, clear supernatant
No visible pellet
Colorless, clear supernatant
Pellet just visible
Colorless, clear supernatant.
Pellet slightly larger
Xanthochromia (yellowing)
Large pellet
Red supernatant remaining
after touch spin
Large pellet

CSF samples obtained from rats were qualitatively scored for blood contamination based on
color of supernatant, and presence of size of red blood cell pellet. Samples that scored level 3
(+++) or higher were discarded.
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Table 2-2. A comparison of methods used for standardization.

Time Point 193 days
Antibody

Volume 10µl/well (A)

Total Protein Concentration
4µg/µl/well (B)

14-3-3 Pan

N.S.D between Control
and RAS mean
AUC=0.83

P value 0.005***
AUC=0.99

14-3-3 Gamma

N.S.D between Control
and RAS mean
AUC=0.81

P value 0.007***
AUC=0.97

NSE

N.S.D between Control
and RAS mean
AUC=0.61

N.S.D. between Control and RAS
mean
AUC=0.75

Loading of individual samples was standardized based on loading by volume (10µl) (A), and by
total protein concentration (0.4µg/µl) (B). 14-3-3pan, 14-3-3 gamma, and neuron-specific
enolase (NSE) were analysed for both methods of standardization and compared at 193 days post
inoculation. Area under the curve (AUC), standard error (Std. Error), 95% confidence interval
(CI), and p values are reported. N.S.D. indicates no significant difference. High statistical
significance is designated by ***.
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Figure 2-1. Pooled time course characterization of 14-3-3 and NSE in rat-adapted scrapie
(RAS) infection
Western blot analysis of pooled CSF (n=4) collected from RAS-infected Sprague-Dawley rats
and uninfected age-matched controls over time. CSF from three pre-clinical time points (75dpi,
113dpi, and 148 dpi), as well as a clinical time point (193 dpi), were probed for (Panel A) 14-3-3
pan, (Panel B) 14-3-3 gamma, and (Panel C) NSE.
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A)

B)

C)

Figure 2-2. Individual characterization of 14-3-3 and NSE in rat-adapted scrapie (RAS)
infection standardized by volume.
Western blot analysis of individual CSF samples standardized by volume from RAS infected rats
at clinical stage (193 days post inoculation) and age-matched controls. CSF was collected from 6
RAS infected rats at clinical stage and compared to 6 age-matched controls using 14-3-3 pan, 143-3 gamma, and NSE antibodies. Panel A) 10µl CSF/well. B) Densitometry analysis of western
blot. C) Receiver operating characteristic (ROC) curve with area under the ROC curve (AUC).
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A)

B)

C)

Figure 2-3. Individual characterization of 14-3-3 and NSE in rat-adapted scrapie (RAS)
infection standardized by total protein concentration.
Western blot analysis of individual CSF samples standardized by protein concentration from
RAS infected rats at clinical stage (193 days post inoculation) and age-matched controls. CSF
was collected from 6 RAS infected rats at clinical stage and compared to 6 age-matched controls
using 14-3-3 pan, 14-3-3 gamma, and NSE antibodies. Panel A) 4µg total protein loaded/well. B)
Densitometry analysis of western blot. C) Receiver operating characteristic (ROC) curve with
area under the ROC curve (AUC).
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A)

B)

C)

Figure 2-4. Individual characterization of 14-3-3 and NSE in rat-adapted scrapie (RAS)
infection, preclinical.
CSF collection from 6 RAS infected rats at preclinical time point (148 days post inoculation)
were compared to 6 age-matched controls loaded by total protein. A) Western blot analysis from
infected and uninfected individuals of 14-3-3 pan, 14-33- gamma, and NSE. B) Densitometry
analysis of western blot. C) Receiver operating characteristic (ROC) curve with area under the
ROC curve (AUC).
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3

Chapter 3: Novel Prion Disease Biomarkers
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3.1 Introduction
In general, biomarkers are used as a discriminative tool to indicate biological processes such as
disease status, pathological process, or response to treatment130. These indicators include
physical traits, imaging of pathological features, or presence of biological molecules in bodily
tissues and fluids. Prion disease biological markers can be divided into 2 categories:
pathophysiological markers that reflect prion pathology at any point over the course of infection,
and/or topographical markers that may reflect downstream damage131. The pathophysiological
diagnostic marker of prion infection is PrPSc; the topographical markers include EEG and MRI,
and indirect surrogate markers that may indicate stage of preclinical and clinical status.
Currently, biomarker abundance is assessed during clinical onset of prion disease. There is a
clear need for early (preclinical) detection of these diseases. A prion disease biomarker that can
discriminate prion infection at both preclinical and clinical stages of infection and whose
abundance increases with disease progression over time would, in addition to providing early
detection, have utility in the assessment therapeutic interventions and have the potential to aid in
prognosis.
To define preclinical and clinical stages of prion infection and understand changes in
pathobiology over the course of infection, we have established prion infection in the rat. Using
this controlled system, known CJD biomarkers, as well as novel biomarkers were identified by
analysing CSF from infected compared with uninfected controls using mass spectrometry
analysis, as previously described in Chapters 1 and 2. One of the novel biomarkers identified was
ribonuclease T2 (RNase T2). This protein is localized in the lysosome and is the only human
member of the Rh/T2/S family of acidic hydrolases132, 133. The α+β core motif, comprised of 4-8
β sheet with the exterior tertiary structure formed by helices, is highly conserved in bacteria,
fungi, and plants despite demonstrating a broad range of functions134, 135. The RNase T2 gene has
shown tumor suppressor activity in an ovarian cancer cell line136, and the plant form of RNase
T2, Actibind, has also demonstrated tumor suppressor activity137, 138. RNase T2 gene mutations
have been associated with white matter disease of the infant human brain and indicate that the
protein has a biological role in neurodevelopment134, 139. Comparable brain abnormalities have
also been described in a transgenic zebra fish model140. It has been hypothesized that RNase T2
might play a role in cellular innate immune response processes133, 141, 142. Involvement with
neurodevelopment and innate immunity, along with the presence of this protein in CSF of prion
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infected rats suggests that RNase T2 plays an active role in prion infection. The objective was to
characterize the RNase T2 abundance over time of infection and characterize the utility of this
candidate biomarker for the diagnosis and prognosis of prion infections.

3.2 Materials and Methods
3.2.1 Ethics Statement
This study was carried out in accordance with the guidelines of the Canadian Council on Animal
Care. The protocols used were approved by the Institutional Animal Care and Use Committee at
the University of Alberta.
3.2.2 CSF Collection and Immunoblotting
Weanling, female Sprague-Dawley rats were intracranially infected with 50µl of 10% rat brain
homogenate and brain tissue and CSF samples were harvested over time and handled as
previously described in Chapter 2. Immunoblotting was performed as described by Herbst et al,
2015103 using standard protocols on 12% Nupage acrylamide gels and PVDF membrane for
western blotting. An antibody against RNase T2 was purchased from Abcam and used at a
concentration of 1:2000. The secondary antibody used was goat anti-rabbit HRP used at a
concentration of 1:10 000.
3.2.3 Statistical Analysis
Densitometry analysis was performed on western blot data for semi-quantification using Adobe
Photoshop CS6 Extended version to determine absolute band intensity of the 36 kDa RNase T2.
ROC curves and AUC values were generated using Graphpad Prism 5 Software and used to
determine the diagnostic accuracy of the biomarkers.

3.3 Results
3.3.1 Pooled CSF Time Course Characterization
Our initial analysis involved using the same pooled samples that were used for 14-3-3 and NSE
characterization and normalized by volume in Chapter 2. Although we observed RNase T2 in
RAS infected animals and in uninfected age-matched controls (Figure 3-1), an increase in protein
abundance was observed in prion infected rats starting at 113 dpi, an increase that continued with
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disease progression. In comparison, RNase T2 protein levels remained consistent over time in
uninfected controls.
3.3.2 Individual Variability at 193 Days (Standardized by Volume)
Similar to previous examination of known CJD markers, analysis of individual variability was
also assessed. Six samples from clinically infected (193 dpi) and six age-matched controls were
standardized by loading 10ul of CSF sample per well (Figure 3-2). In contrast to 14-3-3 and
NSE, infected samples showed less individual variability and demonstrated increased abundance
compared to uninfected controls. The difference between the mean signal of intensity of infected
and uninfected was significant (p<0.0001). An AUC value of 1.00 was determined for RNase T2,
with p-value of 0.004, indicating this biomarker was accurately able to differentiate controls
from infected at clinical stage of infection.
3.3.3 Individual Variability at 193 Days (Standardized by Total Protein Concentration)
We investigated normalized total protein concentration to determine if protein load would have
an influence on detection levels. Individual samples were standardized by loading 4ug of protein
per well (Figure 3-3). This change in loading resulted in a significant difference between the
mean signal of intensity of infected and uninfected was significant (p<0.0001). an AUC value of
1.00 for RNase T2 demonstrating that protein load did not have a great effect on biomarker
accuracy and again demonstrating that this test was able to differentiate between infected and
uninfected, and results were statistically significant (p-value = 0.004).
3.3.4 Individual Variability, Preclinical (Standardized by Volume)
We investigated presence of RNase T2 in CSF during preclinical stages of prion infection. Six
samples from preclinical time point (148 dpi), and six age-matched controls were standardized
by loading 10ul of CSF sample per well and analysed. Analysis of individual animals revealed
considerable relatively little individual variability in infected individuals (Figure 3-4). Although
RNase T2 was also detected in some uninfected controls, protein abundance was greater in
infected individuals. The AUC was 0.94 and found to be statistically significant (p<0.01). The
AUC value confirmed that RNase T2 biomarker was able to distinguish between diseased and
control animals at preclinical time point of 148 days.
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3.4 Discussion
We utilized the rat prion infection for novel biomarker identification, as it is a standardized
system that can be used to track disease progression over time. Absolute band intensity for
RNase T2 levels was measured from the immunoblot for individual samples at clinical stage of
disease and compared to age-matched, uninfected controls. This biomarker was able to
distinguish between animals affected with prion disease and controls, suggesting a potential
diagnostic utility for RNase T2 in the rat. We also observed an increase in abundance of protein
levels at preclinical stages, indicating that RNase T2 may offer utility in predicting stage of
disease for early detection that will aid in prognosis. There were no significant differences in
methods of standardizing loading of protein (volume vs concentration).
Clinical stage of prion infection is defined as the occurrence of clinical phenotype, including
prodromal and dementia stages. Preclinical is defined by the presence of biomarker indicators
and existence of prion disease pathology in infected animals prior to the exhibition of clinical
signs. Further classification is required to better define and characterize stages of preclinical
disease. The rat provides a useful model to specify what markers are
present/increasing/decreasing in abundance during specific stages of preclinical infection, which
can be used to develop and observe effectiveness of therapeutic intervention.
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Figure 3-1. RNase T2 Abundance in CSF is elevated in prion infected rats.
Western blot analysis of pooled CSF (n=4) collected from RAS-infected Sprague-Dawley rats
and uninfected age-matched controls over time. CSF from three pre-clinical time points (75dpi,
113dpi, and 148 dpi), as well as a clinical time point (193 dpi), were probed for RNase T2.
RNase T2 is observed at 36kDa with a shorter isoform at 31 kDa as indicated by arrows. RNase
T2 becomes elevated as early as 113 days post infection (Herbst et al, 2016 in preparation).
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A)

B)

C)

Figure 3-2. Ribonuclease T2 is elevated at 193 days in rat-adapted scrapie infection
Standardized by volume.
Western blot analysis of individual CSF samples standardized by volume from RAS infected rats
at clinical stage (193 days post inoculation) and age-matched controls. CSF was collected from 6
RAS infected rats at clinical stage and compared to 6 age-matched controls using the RNase T2
antibody. Panel A) 10µl CSF/well. B) Densitometry analysis of western blot. C) Receiver
operating characteristic (ROC) curve with area under the ROC curve (AUC).
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A)

B)

C)

Figure 3-3. Ribonuclease T2 is elevated at 193 days in rat-adapted scrapie infection
Standardized by total protein concentration.
Western blot analysis of individual CSF samples standardized by protein concentration from
RAS infected rats at clinical stage (193 days post inoculation) and age-matched controls. CSF
was collected from 6 RAS infected rats at clinical stage and compared to 6 age-matched controls
using the RNase T2 antibody. Panel A) 4µg total protein loaded/well. B) Densitometry analysis
of western blot. C) Receiver operating characteristic (ROC) curve with area under the ROC
curve (AUC).
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A)

B)

C)

Figure 3-4. Ribonuclease T2 is elevated in rat-adapted scrapie, preclinical.
Western blot analysis of individual CSF samples loaded based on volume from RAS infected rats
at preclinical stage (148 days post inoculation) and age-matched controls. CSF was collected
from 6 RAS infected rats at preclinical stage and compared to 6 age-matched controls using the
RNase T2 antibody. Panel A) 10µl CSF/well. B) Densitometry analysis of western blot. C)
Receiver operating characteristic (ROC) curve with area under the ROC curve (AUC).

40

4 Chapter 4: Conclusions and Future Directions

41

4.1 Conclusions
The extended preclinical phase and rapid clinical phase of prion disease makes diagnosis and
prognosis of prion infection extremely challenging87. Definitive diagnosis of human prion
diseases, including CJD, involves direct detection of PrPSc via samples collected post-mortem
from the diseased brain143. Indirect, ante-mortem methods such as CSF protein biomarkers, EEG,
MRI, and RT-QuIC are used in addition to clinical symptoms to assist clinicians in diagnosing
suspect CJD cases during the clinical phase of prion disease38,70. The rat model provides a system
that can be used to investigate and characterize prion disease progression over multiple
preclinical and clinical time points and has the potential to be used as a tool for determining
efficacy of therapies that are being developed.
The rat remains a useful model that has the potential to aid in novel biomarker identification, as
well as for evaluating therapeutic strategies that may be useful for prognosis in human prion
diseases. These studies have demonstrated that the rat model can be used for known and novel
biomarker identification that can ultimately characterize and uniformly define disease stages
from preclinical to full clinical signs over the course of prion disease (Figure 4-1). We were able
to determine that there is a lack of utility for known biomarkers’ 14-3-3 and NSE for both
diagnosis and prognosis in the rat (Table 4-1). Furthermore, we verified that the novel
biomarker RNase T2 was able to distinguish between prion-infected rats and age-matched
controls and increased in abundance with disease progression, demonstrating potential for use in
diagnosis and prognosis of prion infection.

4.2 Future Directions
Variability in testing can occur through all stages of an experiment; differences in pre-analytical
protocols, analytical procedures, assay format and quality, and batch-to-batch variation. In
humans, variation in testing can also be attributed to factors such as age, genetic susceptibility
(M/V) and origin of infection (sporadic, genetic and acquired). These reasons for variation
warrant specific cut-offs for biomarkers and universal CSF standardization. There is a need for
creating certified reference materials for assay calibration and establishing reference
measurement procedures (RMP), as has been done for other fields of neurodegeneration131. The
controlled rat system can facilitate in determining universal reference measurements.
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RNase T2 must be tested in human prion diseases to determine sensitivity and specificity and
overall assess applications in human testing. Our mass spectrometry studies of rat CSF also
identified additional candidate markers such as complement factor H and cathepsin D that
require further validation.
One of the limitations of these studies was not being able to longitudinally track over the course
of infection. CSF collection of the same rat over multiple time points may further reduce sample
variation. CSF samples were treated uniformly and the risk for blood contamination was taken
into consideration by performing relative total protein concentration assays and by creating a
scoring system that eliminated samples deemed contaminated. Analysis such as erythrocyte
count should be included in future studies to determine quantifiable threshold for levels of
contamination that will not have an impact on biomarker results. As new technologies such as
the 14-3-3 gamma ELISA assays and advances with electrochemiluminescence become more
broadly available, we expect more universal protocols and standardization practices will be
developed and more valuable comparisons can be made between detection techniques and across
laboratories126, 144.Testing of current ELISA tests that are available such as the new 14-3-3γ
(Circulex 14-3-3 Gamma ELISA Kit, Cyclex Co., Ltd., Nagano, Japan) could be useful to assess
the accuracy of this test in a controlled system145. Development of ELISA tests for the novel
biomarkers identified (RNase T2) on rat CSF samples for quantification of novel protein markers
and to develop reference numbers that could be extrapolated and applied to human studies.
Employing new technologies such as electrochemiluminescence-based detection systems would
allow for less sample to be used and quicker analysis of multiple samples for CSF biomarker
quantification144.
The ultrasensitive RT-QuIC technique has recently been utilized in hospital settings to aid in
detection of low levels of PrPSc in CSF for diagnosing suspected CJD patients, usually after
clinical onset of infection. The rat model has the potential to facilitate in the characterization of
PrPSc abundance in CSF samples during the preclinical stage of infection in a controlled system.
The rat could be used to determine if PrPSc abundance increases with disease progression in CSF
and can be used as a prognostic tool, or if protein levels reach a plateau, as has been observed in
the brain129. RT-QuIC, used in combination with other biomarkers that have been validated with
this model for prognosis, could facilitate in determining current stage of disease and rate of
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disease progression. Disease stages should have universal definitions and be defined based on
one or more markers present in CSF, or topographic biomarkers such as EEG and MRI. This
system could be applied to creating a characterization system used for standardizing human
studies. The limited diagnostic capabilities for detecting atypical types of CJD (genetic and
acquired), and the potential for a second wave of vCJD carriers emphasizes the importance of
preclinical, antemortem testing of prion diseases.
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Table 4-1. Summary of proteins detected in CSF at clinical and preclinical time points and
comparison of methods used for standardization.

Clinical (193 days)

Preclinical (148 days)

Antibody

Volume (A)

Total Protein (B)

Volume (A)

14-3-3
Pan

N.S.D

P value 0.005***

N.S.D

AUC=0.83

AUC=0.99

AUC=0.58

14-3-3
Gamma

N.S.D

P value 0.007***

N.S.D

AUC=0.81

AUC=0.97

AUC=0.61

NSE

N.S.D AUC=0.61

N.S.D.

N.S.D

AUC=0.75

AUC=0.69

P value 0.004***

P value 0.004***

P value 0.01*

AUC=1.00

AUC=1.00

AUC=0.94

RNase T2

Loading of individual samples was standardized based on loading by volume (10µl) (A), and by
total protein concentration (0.4µg/µl) (B). 14-3-3pan, 14-3-3 gamma, neuron-specific enolase
(NSE), and ribonuclease T2 (RNase T2) were analysed for both methods of standardization and
compared at 193 days post inoculation. Area under the curve (AUC) and p values are reported.
N.S.D. indicates no significant difference. High statistical significance is designated by ***.
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Figure 4-1. Characterization of PrPSc, 14-3-3 pan, 14-3-3 gamma, and ribonuclease T2
(RNase T2) in rat-adapted scrapie (RAS) infection.
This depiction is based on western blot characterization of proteinase K (PK) digestion of RAS
brain homogenate (PrPSc), and pooled CSF (14-3-3 pan, 14-3-3 gamma, NSE, and RNase T2)
from uninfected and infected rats. Blue (solid filled) indicates when biomarkers are present in
CSF regardless of infection, and red (pattern filled) indicates when proteins are increasing in
abundance due to RAS infection. RNase T2 abundance increases earlier in the course of
infection. Note that the abundances between the time points are hypothetical.
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Appendix I. Cerebrospinal Fluid Protein Concentrations

Individual rats
(193 dpi)
Uninfected

Rat
ID #

Total
volume
Protein
collected concentration
(µl)
(µg/µl)

260A
262A
264B
267B
269A
269B

175 ++
100 -B
125 -B
100 -B
150 -B
150 +

1.8
0.5
0.6
0.6
0.7
1.9

297A
297B
300A
301A
302A
302B

175 ++
75 ++
100 +
100 +
150 -B
225 -B

0.7
2.6
0.7
0.6
0.6
0.6

RAS

Approximate total volume of CSF collected from individual rats was reported and samples were
qualitatively scored for blood contamination (according to Table 2-1), and assessed for relative
total protein concentration. These samples were used in Figure 2-2 and 2-3 and are listed in the
order of loading on immunoblots for individual characterization. The symbols of +, and –B refer
to blood contamination scoring as described in Chapter 2 (Table 2-1).
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Appendix II. Protein Detection in Young Rats
Western blot analysis for 14-3-3 pan, 14-3-3 gamma, NSE, and RNase T2 of individual and
pooled CSF (10 µl/well) from uninfected rats at 30 and 60 days of age. RNaseT2 is detected at
low levels in CSF of young rats while 14-3-3 and NSE proteins are present at highly variable
levels.
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Appendix III. Statistical Analysis of Densitometry Data Collected from Western Blot
Analysis

74

75

vs
RAS

vs

Column B

No
Two-tailed
t=1.473 df=10

Are means signif. different? (P < 0.05)

One- or two-tailed P value?

t, df

0.1497

-229500 to 46860

95% confidence interval

No

Are variances significantly different?

P value

0.05472

0.5351 to 1.132

0.1521

95% confidence interval

0.8333

Std. Error

0.4543

Area

Area under the ROC curve

ns

P value summary

P value

F,DFn, Dfd

F test to compare variances
2.035, 5, 5

-91330 ± 62020

Difference between means
0.1782

150100 ± 35610 N=6 344300 ± 65280 N=6

0.1531

0.8056

0.3574

0.07823

0.5055 to 1.106

No

ns

2.406, 5, 5

0.1958

-456400 to 80410

-188000 ± 120500

58730 ± 50790 N=6

R squared

0.6613

t=0.4515 df=10

Two-tailed

No

ns

RAS

vs

Control

NSE

t=2.727 df=10

Two-tailed

Yes

*

RAS

vs

Control

0.0213

0.0078

0.9258

101800 ± 82190 N=6

t=0.09545 df=10

Two-tailed

No

ns

RAS

vs

Control

NSE

1268, 5, 5

0.1879

0.6111

0.5219

0.9861
0.02749
0.005094

0.9322 to 1.040

Yes

***

0.4265

-298700 to -30090

-164400 ± 60290

0.0315 P<0.0001

0.2427 to 0.9796

Yes

*

8.898, 5, 5

0.01998

-172300 to 259900

43790 ± 97000

0.04268

0.9722

0.001

0.006508

0.8885 to 1.056

Yes

**

39.20, 5, 5

0.5242

-88880 to -17490

-53190 ± 16020

0.1586

0.75

0.0756

0.1496

0.4392 to 1.061

No

ns

5.829, 5, 5

0.0009102

-206700 to 189700

-8491 ± 88960

101400 ± 30830 N=6 167700 ± 60260 N=6 60620 ± 15820 N=6 110300 ± 34040 N=6

7440 ± 2527 N=6

t=3.319 df=10

Two-tailed

Yes

**

RAS

vs

Control

14-3-3 gamma

Loaded by Concentration (0.4µg/µl)
14-3-3 pan

156300 ± 101300 N=6 145200 ± 91970 N=6 3273 ± 1692 N=6

t=1.561 df=10

Two-tailed

No

ns

Mean ± SEM of column B

0.1716

RAS

vs

Control

14-3-3 gamma

Loaded by Volume (10µl)

Mean ± SEM of column A

How big is the difference?

ns

P value summary

P value

Unpaired t test

Control

14-3-3 pan

Column A

Table Analyzed

Time Point 193 Days

76

vs
RAS

vs

Column B

Two-tailed
t=0.5892 df=10

One- or two-tailed P value?

t, df

-82020 to 47710

95% confidence interval

Yes

Are variances significantly different?

P value

0.631

0.2197 to 0.9469

0.1855

95% confidence interval

0.5833

Std. Error

0.0119

Area

Area under the ROC curve

*

P value summary

P value

F,DFn, Dfd

F test to compare variances
13.85, 5, 5

-17150 ± 29120

Difference between means
0.03355

51250 ± 28120 N=6

Mean ± SEM of column B

R squared

34100 ± 7555 N=6

Mean ± SEM of column A

How big is the difference?

No

Are means signif. different? (P < 0.05)

0.442

0.1737

0.6111

0.3975

0.5219

0.2705 to 0.9517

No

ns

2.237, 5, 5

0.06023

-31940 to 15050

-8443 ± 10550

27570 ± 8767 N=6

19130 ± 5861 N=6

t=0.8006 df=10

Two-tailed

No

ns

RAS

vs

Control

14-3-3 Gamma

0.4221

0.1698

0.6944

0.1691

0.2624

0.3616 to 1.027

No

ns

3.801, 5, 5

0.06548

-55380 to 122000

33330 ± 39820

26650 ± 18170 N=6

59980 ± 35430 N=6

t=0.8371 df=10

Two-tailed

No

ns

RAS

vs

Control

NSE

Loaded by Volume (10µl)

0.5688
ns

P value summary

P value

Unpaired t test

Control

14-3-3 Pan

Column A

Table Analyzed

0.874

0.1566

0.7778

0.0056

0.1094

0.4708 to 1.085

Yes

**

19.20, 5, 5

0.002639

-80290 to 92940

6324 ± 38880

41160 ± 8650 N=6

47490 ± 37900 N=6

t=0.1627 df=10

Two-tailed

No

ns

RAS

vs

Control

14-3-3 Pan

0.567

t=0.6981 df=10

Two-tailed

No

ns

RAS

vs

Control

NSE

0.501

0.1784

0.5833

0.9516

0.631

0.2336 to 0.9331

No

ns

1.059, 5, 5

0.03386

-53980 to 31320

-11330 ± 19140

0.1437

0.7778

0.3655

0.1094

0.4960 to 1.060

No

ns

2.370, 5, 5

0.04647

-338200 to 176800

-80690 ± 115600

35030 ± 13340 N=6 153800 ± 96920 N=6

23700 ± 13730 N=6 73140 ± 62960 N=6

t=0.5920 df=10

Two-tailed

No

ns

RAS

vs

Control

14-3-3 Gamma

Loaded by Concentration (0.4µg/µl)

Time Point 148 Days

77

vs
RAS

vs

Column B

No
Two-tailed
t=1.473 df=10

Are means signif. different? (P < 0.05)

One- or two-tailed P value?

t, df

-91330 ± 62020
-229500 to 46860

Difference between means

95% confidence interval

P value

0.05472

0.1521

95% confidence interval

0.8333

Std. Error

0.4543

0.1782

0.1716

Area
0.5351 to 1.132

No

Are variances significantly different?

Area under the ROC curve

ns

P value summary

P value

F,DFn, Dfd

F test to compare variances
2.035, 5, 5

150100 ± 35610 N=6

Mean ± SEM of column B

R squared

58730 ± 50790 N=6

Mean ± SEM of column A

How big is the difference?

ns

P value summary

P value

Unpaired t test

Control

Loaded by Volume (10µl, 193 dpi)

Column A

Table Analyzed

Ribonuclease T2

0.5055 to 1.106

No

ns

2.406, 5, 5

-456400 to 80410

-188000 ± 120500

344300 ± 65280 N=6

156300 ± 101300 N=6

t=1.561 df=10

Two-tailed

No

ns

RAS

vs

Control

0.07823

0.1531

0.8056

0.3574

0.1958

0.1497

Loaded by Concentration (0.4µg/µl, 193 dpi)

0.2427 to 0.9796

Yes

*

8.898, 5, 5

-172300 to 259900

43790 ± 97000

101400 ± 30830 N=6

145200 ± 91970 N=6

t=0.4515 df=10

Two-tailed

No

ns

RAS

vs

Control

0.5219

0.1879

0.6111

0.0315

0.01998

0.6613

Loaded by Volume (10µl, 148 dpi)

