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ABSTRACT 
 

 
 

Prion diseases are infectious neurodegenerative disorders that affect 

humans and other mammals and are inevitably fatal. The infectious agent in 

prion disease (PrPSc) is an abnormal isoform of an endogenous host protein 

(PrPC). Prion conversion involves a conformational change of PrPC into PrPSc, 

and this process may involve host polyanions such as ribonucleic acid (RNA). 

Conformational alterations in PrPSc are hypothesized to encode different prion 

strains, and the type of prion strain affects the disease incubation period, clinical 

signs, and neuropathology. Prions can exist as a mixture of strains in a host, and 

one implication of prion mixtures is that prion strains can interfere with one 

another. In prion strain interference, a blocking strain (typically a long incubation 

period strain) interferes with another strain by completely inhibiting the 

emergence of the second strain or by extending its incubation period. Strain 

interference is likely involved in prion transmission and adaptation, so it is 

important to elucidate the mechanism of prion strain interference. We 

hypothesize that in prion strain interference, the blocking strain sequesters host 

factors necessary for prion conversion, preventing their use by the superinfecting 

strain.  

To investigate the capacity of long incubation period strains to serve as 

blocking strains in prion strain interference, we performed experiments utilizing 

the long incubation period hamster strain 139H. Following intrasciatic nerve 

(i.sc.) inoculation, we determined that 139H PrPSc is retrogradely transported 
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throughout the central nervous system (CNS) using the same four descending 

motor tracts as the short incubation period strain hyper (HY) transmissible mink 

encephalopathy (TME). Co-infection of hamsters with 139H and HY TME led to 

strain interference when the interval between inoculations was 75 days, 

indicating that 139H can serve as a blocking strain. Using a modified 

conformational stability assay, we found evidence of mixtures of HY and 139H 

PrPSc in the brains of animals that did not show signs of strain interference. This 

suggests that although clinical signs and incubation period might not have been 

affected, strain interference was likely still occurring in the form of 139H PrPSc 

interfering with HY PrPSc conversion.  

Ribonucleic acid is hypothesized to be a prion conversion cofactor, and 

we investigated the potential role of RNA in prion strain interference. Conversion 

of HY and drowsy (DY) PrPSc in vitro was inhibited when RNA was depleted from 

the conversion substrate, indicating that these strains require RNA. Synthetic 

poly(A) RNA rescued PrPSc conversion, leading us to use synthetic RNA to 

supplement our in vitro strain interference model. The addition of RNA to the 

conversion substrate did not enable HY PrPSc to overcome the blocking effect of 

DY PrPSc, indicating that RNA is not likely the host factor involved in prion strain 

interference.  

Another host factor hypothesized to be involved in prion strain interference 

is PrPC. To investigate the role of PrPC in strain interference, we utilized rabbit 

kidney epithelial cells that express hamster PrPC that is detectable using multiple 

antibodies. The lysate of these cells supported conversion of HY and DY PrPSc, 
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and we added the cells to our in vitro strain interference model to increase the 

PrPC content of the conversion substrate. Depending on the antibody used to 

detect the PrPSc in the interference samples, we observed either no change to 

the strain interference effect or an earlier emergence of HY PrPSc. Passage 

conditions between the rounds of the in vitro strain interference model were also 

altered as a means to investigate the role of PrPC in strain interference. The 

change in passage conditions led to an earlier emergence of HY PrPSc. Our 

results indicate that PrPC might be involved in prion strain interference, but 

further studies are necessary to support this conclusion. 
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CHAPTER 1: INTRODUCTION 

 

1.1. Prion Diseases 

1.1.A.Definition  

Prion diseases, also known as transmissible spongiform encephalopathies 

(TSEs), are inevitably fatal infectious neurodegenerative disorders that affect 

humans and animals with no effective treatments. Brains of infected individuals 

have a characteristic spongiform appearance. Individuals affected by prion 

diseases experience symptoms associated with damage to the central nervous 

system (CNS) resulting in motor and/or cognitive deficits.  

 

1.1.B. Animal prion diseases 

Prion diseases of animals include scrapie in sheep and goats, chronic 

wasting disease (CWD) in cervids, TME in ranch-raised mink, and bovine 

spongiform encephalopathy (BSE) in cattle. Prion disease was first identified in 

the 18th century in Merino sheep affected by the disease later identified as 

scrapie, a prion disease of sheep and goats that causes the animal to scrape 

against fences due to excessive itching and also alters their gait and causes 

abnormal licking behavior (Zabel and Reid, 2015). 

BSE was first identified in cattle in the United Kingdom (UK) in 1985 

(Wells et al., 1987) and since then more than 180,000 cattle have been affected 

by BSE worldwide (Aguzzi et al., 2013). This number does not account for 

asymptomatic infections however, which means the true number of infected 
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cattle might be as high as 3 million (Ironside, 2012). The most common clinical 

signs of BSE include hypersensitivity to touch and sound, refusal to enter a 

milking parlor or kicking while in it, reduced milk yield, teeth grinding, 

temperament change, panic-stricken response, abnormal ear movement, and 

increased alertness (Saegerman et al., 2004). The majority of cattle affected by 

BSE in the UK were infected in the first two years of life (Arnold and Wilesmith, 

2004) and the onset of clinical signs occurred between the ages of 3-6 years 

(Arnold and Wilesmith, 2004). 

Chronic wasting disease is a prion disease of deer and elk that was first 

recognized in 1967 in captive mule deer and mule deer/ white tailed deer hybrids 

(Williams and Young, 1980), and was later identified in Rocky Mountain elk 

(Williams and Young, 1982). Clinical signs of CWD include loss of fear of 

humans, ataxia, dehydration, emaciation, dullness of haircoat, excessive 

salivation, and head drooping (Spraker et al., 1997). CWD can affect both free-

ranging deer populations (Miller and Conner, 2005) and captive deer herds 

(Miller and Wild, 2004). CWD has been identified in 20 states within the U.S. and 

2 provinces within Canada (Center for Disease Control CWD website: 

http://www.cdc.gov/prions/cwd/occurrence.html). 

TME is a disease of ranch raised mink that was first identified in 1947 on a 

farm in Wisconsin. The disease became an outbreak, with a fatality rate of nearly 

100% (Liberski et al., 2009). Other outbreaks occurred in Canada, Germany, 

Finland, and the Soviet Union (Liberski et al., 2009), with the last outbreak 

occurring in Stetsonville, Wisconsin (Bessen and Marsh, 1992a).  Clinical signs 
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of TME include changes in grooming behavior, difficulty eating, hyperexcitablilty, 

self-mutilation, and lack of coordination and the incubation period is between 7-

12 months (Liberski et al., 2009). 

 

1.1.C. Human prion diseases 

The most common human prion disease is Creutzfeldt-Jakob disease 

(CJD). CJD is characterized by loss of neurons, astrogliosis, and spongiform 

change and has four etiologies; sporadic, genetic (familial), iatrogenic, and 

variant (Sikorska et al., 2012). Sporadic CJD (sCJD) has an incidence of 1.5 

people per million each year (Ironside, 2012) and typically affects middle-aged 

and elderly individuals (Sikorska et al., 2012). Clinical signs include progressive 

dementia, visual disturbances, myoclonus, and cerebellar ataxia (Sikorska et al., 

2012), and the duration of the illness following onset of clinical signs is around 4 

months (Sikorska et al., 2012).  Variant CJD (vCJD) was first identified in 1996 

(Will et al., 1996) and is distinct from other human prion diseases in that the age 

of onset is much younger, with a mean age of onset of 28 years (Sikorska et al., 

2012). To date there have been 177 definitive cases of vCJD in the UK 

(Lescoutra-Etchegaray et al., 2015). A recent study analyzing appendix samples 

from 41 UK hospitals determined that out of 32,441 appendixes analyzed, 16 

were positive for the prion agent (Gill et al.,2013).  These results suggest that in 

the UK, one in 2,000 individuals have the potential to be subclinical carriers of 

prion disease (Lescoutra-Etchegaray et al., 2015).  The clinical signs of vCJD 
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begin as psychiatric and behavioral disturbances followed by cerebellar ataxia, 

involuntary movement, and cognitive impairment (Sikorska et al., 2012).  

Other human prion diseases include kuru, fatal familial insomnia, and 

Gerstmann-Straussler-Scheinker Syndrome. Kuru only affected the Fore people 

of Papua, New Guinea (Gadjusek 1957) and has nearly been eradicated. Kuru 

has three clinical stages defined by the ambulatory ability of the affected 

individual. In the first stage (ambulant), the individual can still walk, but this is 

followed by sedentary stage where the individual can no longer walk and then a 

terminal stage where the individual can no longer sit-up independently (Imran 

and Mahmood, 2011). Besides the inability to move on their own, other clinical 

signs of kuru include headaches, cerebellar ataxia, choreiform movements, and 

tremors (Imran and Mahmood, 2011). Fatal Familial Insomnia is an inherited 

prion disease that has affected at least 100 individuals in 40 families (Baldin et al., 

2009). Fatal familial insomnia affects individuals at an average age of 49, and 

causes progressive insomnia, ataxia, myoclonus, and seizures (Imran and 

Mahmood, 2011). Gerstmann-Straussler-Scheinker Syndrome is another 

inherited prion disease that affects 1 in 100 million people per year (Belay, 1999) 

and occurs between the ages of 30-60. Gerstmann-Straussler-Scheinker 

Syndrome ischaracterized by ataxia, clumsiness, and dementia (Imran and 

Mahmood, 2011).  

 

1.2. Prion agent 

1.2.A. Identification of agent 
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Prion diseases were originally hypothesized to be caused by a slowly 

acting virus and hence were termed ‘slow viruses’ (Cuille and Chelle,1938).  The 

first evidence that the agent was not a virus comes from a vaccination study 

carried out by W.S. Gordon in 1944. Gordon took brain and spleen tissue from 

sheep infected with louping-ill virus and inactivated the virus with formalin. The 

tissue was then used to vaccinate healthy sheep against the virus. Interestingly, 

the animals died 2 years later from scrapie, indicating that the vaccination tissue 

had been contaminated with scrapie agent and that the agent was not inactivated 

by formalin the way the louping-ill virus had been (Gordon, 1946). Further 

evidence that the prion agent was not a virus came from failed attempts to 

inactivate the scrapie agent using ionizing and ultraviolet (UV) radiation, high 

pressure, formalin fixation, and extreme heat (Hunter and Millson, 1964; Alper et 

al., 1967; 1966; Pattison, 1965; Prusiner et al., 1982). J.S. Griffith was the first 

scientist to propose that the scrapie agent might be a protein (Griffith, 1967). The 

hypothesis was further supported by the inactivation of the infectivity of the 

scrapie agent using techniques that destroy proteins and the isolation of a single 

protein of molecular weight 27-30 kilodaltons (kDa) from scrapie infected animals 

that was absent in non-infected animals (Bolton et al., 1982; Prusiner et al., 

1982; Prusiner et al., 1983). Based upon these findings, Stanley Prusiner coined 

the term “prion”, short for proteinaceous infectious particle, to describe the 

scrapie agent (Prusiner, 1982).  
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1.2.B. Prion protein 

A.G. Dickinson was the first to investigate the genetics behind prion 

disease. He identified a chromosomal locus that controlled the incubation period 

of scrapie in mice and termed it sinc, short for scrapie incubation (Dickinson et al., 

1968). Prusiner and Weissman then identified a host gene encoding the prion 

protein (Oesch et al., 1985), and Carlson and Prusiner later termed the gene 

locus Prnp (Carlson et al., 1986). It was later determined that Prnp and sinc were 

the same gene (Moore et al., 1998). Mice that were engineered to lack the Prnp 

gene were resistant to infection with the scrapie agent while wild type mice were 

infected, indicating that the expression of the prion protein in a healthy host was 

necessary for generation of prion disease (Büeler et al., 1993).  

The normal and non-infectious isoform of the prion protein is termed PrPC. 

PrPC is a glycoprotein of approximately 250 amino acids in length (Martins et al., 

2001), and bound to cell membranes via a glycosylphosphatidylinositol (GPI) 

anchor (Martins et al., 2001). It has two asparagine residues at the C terminus 

that are potential sites of glycosylation, and it is between 30-35 kDa in size 

depending on it glycosylation state (Zabel and Reid, 2015). The N-terminal 

region of PrPC is disordered, but the C-terminal region contains 3 alpha-helices 

and a small anti-parallel beta-sheet (Wüthrich and Riek, 2001). PrPC is highly 

conserved among mammals and is most abundantly expressed in the CNS but is 

also found in the lung, intestine, autonomic ganglia, heart, ovary, skeletal muscle, 

mucous associated lymphoid tissue, spleen, lymph nodes and nasal associated 

lymphoid tissue (Clouse et al., 2015). The physiological role of PrPC is not well 
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understood. Mice that do not express PrPC do not exhibit overt developmental or 

anatomical defects (Büeler et al., 1992), however more subtle changes in 

physiology have been noted. PrPC may aid in cellular trafficking of copper ions 

(Zomosa-Signoret et al., 2007) and has been shown to contribute to myelin 

maintenance (Bremer et al., 2010). Neuronal function and long-term memory 

may also require PrPC, and knockout of PrPC leads to abnormalities in nervous 

system functions such as synaptic transmission, circadian rhythms, and cognition 

(Zomosa-Signoret et al., 2007). Other potential functions of PrPC include 

embryonic stem cell differentiation (Miranda et al., 2011), and PrPC might be 

involved in T cell development (Zabel et al., 2009) and maintenance of the 

intestinal barrier (Petit et al., 2012).  

The infectious form of the prion protein, PrPSc, has the same amino acid 

sequence as PrPC, but its conformation is post-translationally modified. The “Sc” 

in PrPSc stands for scrapie, the disease of sheep and goats that was the first 

prion disease identified (Prusiner et al., 1998). It is hypothesized that PrPSc 

contains solely beta-sheet structures (Smirnovas et al., 2011), which imparts it 

with the propensity to form aggregates and leads to detergent insolubility (Pan et 

al., 1993). PrPSc is resistant to cellular degradation (Caughey and Raymond, 

1991) and in vitro digestion by proteinase K (PK) (McKinley et al., 1983). In prion 

disease, PrPSc accumulates in lymphoid and nervous system tissue (DeArmond 

et al., 1985) and causes the tissue in the brain to take on a spongiform 

appearance (Budka, 2003). The protein-only hypothesis suggests that the prion 

agent is composed solely of PrPSc and has no associated encoding nucleic acid.  
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1.3 Prion conversion 

1.3.A. Definition 

Prion conversion, also known as prion replication, is the process in which 

PrPC is induced to form PrPSc. In prion conversion, PrPC and PrPSc likely bind to 

one another and form a complex. There are two hypothesized mechanisms of 

prion conversion: the template directed misfolding model (Gajdusek, 1988) and 

the noncatalytic nucleated polymerization model (Come et al., 1993). The 

template directed misfolding model involves PrPSc that is introduced to a cell and 

converts PrPC into new PrPSc. This process has a high activation energy barrier, 

and the formation of a PrPC-PrPSc complex lowers this barrier (Aguzzi et al., 

2008). Besides the interaction of PrPC with PrPSc that has been introduced to the 

host, PrPC can also spontaneously convert to PrPSc such as in sporadic CJD, but 

this is a rare occurrence (Aguzzi et al., 2008). Mutations in the human prion gene 

such as in familial prion disease facilitate this sporadic conversion process 

(Hsiao and Prusiner, 1990). Once the initial PrPC to PrPSc conversion takes place, 

the process is catalytic and more PrPC is continuously converted. In the 

noncatalytic nucleated polymerization model, the PrPC conformation is 

thermodynamically preferred, and PrPSc must form an aggregate in order to 

stabilize. This aggregate acts as a nucleating seed and facilitates further PrPSc 

formation from the PrPC conformation (Aguzzi et al., 2008).  
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1.3.B. Cellular location  

Prion conversion is thought to occur in neurons, astrocytes, and 

lymphoreticular cells (Harris, 1999). The specific site of prion conversion is 

unknown, but it is hypothesized that conversion can occur on the surface of cells 

as well as in the endosomal/lysosomal system (Caughey and Baron, 2006). The 

efficiency of prion conversion appears to be dependent on the localization of 

PrPC to cholesterol rich-lipid rafts (McNally et al., 2009).  

 Prion conversion can also likely occur extracellularly. When the GPI 

anchor is removed from PrPC, the protein is no longer localized to the cell surface 

and instead is extracellularly secreted. In cultured cells that express PrPC without 

a GPI anchor, the PrPC is converted to PrPSc, however the cells do not remain 

persistently infected (McNally et al., 2009). Similar results were observed in 

transgenic mice expressing anchorless PrPC. PrPSc still accumulated in these 

mice after prion infection, however the mice do not develop clinical signs of 

disease (Chesebro et al., 2005). Although extracellular prion conversion can 

occur, it may be necessary for PrPSc to be bound to the cell surface in order for 

infectivity to spread from cell to cell (McNally et al., 2009). Interestingly, 

phosphoinositide phospholipase-C (PI-PLC) treatment of PrPSc does not remove 

the GPI-anchor despite the GPI-anchor of PrPC being susceptible to such 

treatment. This suggests that the GPI anchor becomes inaccessible following 

conversion of PrPC to PrPSc (Harris, 1999) 
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1.3.C. Protein misfolding cyclic amplification 

Saborio and Soto developed an assay that reproduces prion conversion in 

vitro (Saborio et al., 2001) referred to as protein misfolding cyclic amplification 

(PMCA) (Figure 1.1). PMCA is a cell-free system that involves mixing a source of 

PrPSc, typically prion infected brain homogenate, with a source of PrPC, most 

often uninfected brain homogenate. The PrPSc source is referred to as the PMCA 

seed and is the template for conversion, and the PrPC source is referred to as the 

PMCA substrate (Saborio et al., 2001). The PMCA reaction mixture is then 

incubated at 37 °C, which facilitates the conversion of the PrPC into new PrPSc 

using the seed PrPSc as a template. The PrPSc forms aggregates that grow in 

size during the course of incubation, and these aggregates are broken apart by 

sonication that breaks the aggregates into smaller units which increases the sites 

available for templated PrPSc conversion (Saborio et al., 1999). Each 24-hour 

period of PMCA is referred to as one round, and the amount of PrPSc present in 

the sample at the end of a PMCA round is increased compared to the starting 

material.  An aliquot of the round one sample can then be diluted into fresh 

PMCA substrate and the conversion process continued. The PrPSc generated 

during the process of PMCA is protease resistant and detergent insoluble, 

indicating that it is similar to the PrPSc generated in vivo during prion disease. 

PMCA-generated PrPSc is infectious and can cause disease when inoculated into 

animals (Castilla et al., 2005; Castilla et al., 2008), and the titer of PMCA-

generated PrPSc is similar to brain derived PrPSc (Shikiya and Bartz, 2011). The 

cell-free nature of PMCA is consistent with the protein-only hypothesis.  
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Figure 1.1. Protein misfolding cyclic amplification (PMCA). PMCA is carried 
out in a 37 °C water bath on top of a Misonix sonicator. A PrPSc seed (typically 
an infected brain homogenate) is diluted in a PMCA substrate (typically 
uninfected brain homogenate). The sample is subjected to 10 minutes of 
incubation at  37 °C, which facilitates conversion of PrPC to new PrPSc. The 
new PrPSc is incorporated into a growing fibril, which is broken apart by 5 
seconds of sonication. This increases the surface area available for PrPC and 
PrPSc to interact and convert. Each 10 minute incubation and 5 second 
sonication is referred to as one  PMCA cycle. One PMCA round consists of 
144 cycles and lasts 24 hours. After one round of PMCA, there is an increase 
in the PrPSc content relative to the starting material.  
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1.3.D. Cofactor involvement 

The process of conversion of PrPC into infectious PrPSc may be aided by 

host-encoded cofactor(s). Evidence to support this is the extension of incubation 

period in animals inoculated with PrP aggregates of the 263K prion strain 

generated in PMCA with purified PrP without additional cellular factors compared 

to animals inoculated with the starting 263K material (Kim et al., 2010).  

Cofactors may facilitate the formation of PrPSc by either acting as a scaffold on 

which conversion can occur, aiding PrPC to overcome the energy barrier to 

misfold into PrPSc, or by aiding in the binding of PrPSc to PrPC (Piro et al., 2011). 

Host polyanionic molecules co-purify with PrPSc (nucleic acids, 

glycosaminoglycans (GAGs), and lipids) and have been investigated as potential 

conversion cofactors.  

Prions do not contain a genome (Prusiner, 1982), but nucleic acids have 

been shown to associate with PrP both in vivo and in vitro (Geoghegan et al., 

2007). The N-terminal domain of the prion protein binds RNA (Gabus, 2001) and 

it is hypothesized that PrPC may belong to a class of chaperoning proteins 

involved in biological processes such as RNA splicing, transport, and translation 

(Guichard et al., 2011). Nucleic acids, specifically RNA, can act as prion 

conversion cofactors. Recent studies have demonstrated that RNA is necessary 

for prion conversion in hamster and murine models in vitro (Deleault et al., 2005; 

2007; 2010; 2003; Gonzalez-Montalban et al., 2011; Kim et al., 2010; Piro et al., 

2011; Saá et al., 2012). Reduction of RNA abundance in PMCA significantly 
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reduced PrPSc formation, while supplementation with RNA into the RNA depleted 

PMCA reaction rescued PrPSc formation (Deleault et al., 2003; Prusiner, 1982).  

GAGs, long unbranched polysaccharides, can affect prion conversion. 

GAGs are found in the extracellular matrix in close proximity to cell surface PrPC 

(Geoghegan et al., 2007; Wong et al., 2001). The GAG heparan sulfate co-

localizes with PrPSc in vivo (Snow et al 1990). Chlorate treatment of scrapie 

infected neuroblastoma cells (ScN2a) greatly reduced PrPSc formation, 

presumably due to loss of cellular sulfated GAGs (Ben-Zaken et al., 2003; Gabus, 

2001). Addition of soluble heparan sulfate to chlorate treated cells restored PrPSc 

formation, demonstrating that heparan sulfate plays a role in prion formation 

(Ben-Zaken et al., 2003; Guichard et al., 2011). Heparan sulfate can stimulate in 

vitro PrPSc formation under cell-free conditions (Wong et al., 2001). Interestingly, 

the GAG dextran sulfate inhibits prion formation in scrapie infected mice 

(Farquhar and Dickinson, 1986; Kimberlin and Walker, 1986a), suggesting that 

only a subset of GAGs are involved in prion formation.  

Anionic phospholipids can participate in PrPSc formation in vitro. When 

combined with bacterially expressed recombinant PrPC, phospholipid 

phosphatidylglycerol (POPG) forms a POPG-PrP complex and causes PrP to 

adopt a higher Beta-sheet content. Mixture of the POPG-PrP complex with RNA 

in PMCA leads to the formation of infectious PrPSc (Wang et al., 2010). 

Phosphatidylethanolamine (PE) can act as a prion conversion cofactor. PE can 

support the formation of both mouse and hamster PrPSc that is infectious 

(Deleault et al., 2012a). It is hypothesized that cofactors such as PE may be 



	  

	   14	  

involved in encoding strain properties (Deleault et al., 2012b). Propagation of 

three different prion strains via PMCA with a mixture of purified PrPC and PE as 

substrate resulted in the convergence of the three prion strains into a single 

strain (Deleault et al., 2012b). Taken together, the work thus far with prion 

conversion cofactors suggests the existence of two types of cofactor: 1) those 

that enhance the efficiency of prion conversion and maintain PrPSc structure but 

do not play a role in strain properties, and 2) those that can influence prion strain 

properties.   

 

1.4 Prion pathogenesis 

1.4.A. Extraneural infection 

Prion disease has been transmitted to new hosts via many different routes 

of infection, including intracerebral (i.c.), intraocular, intraperitoneal (i.p.) 

(Kimberlin and Walker, 1986b) oral administration (per os), intratongue (Bartz et 

al., 2003), intranerve (Bartz et al., 2002), and intravenous (Manuelidis and Lu, 

2003). When prions are introduced to the host via extraneural routes of 

inoculation, PrPSc first accumulates in the tissues of the lymphoreticular system 

of the host prior to neuroinvasion (Bartz et al., 2003; Bessen et al., 2009). In the 

case of oral or nasal exposure, PrPSc is first transported across mucosal 

epithelium to the underlying lymphoid tissue and lymphatic vessels. There are 

several proposed mechanisms of transepithelial transport, including transport via 

M cells, cotransport with ferritin, lamin-mediated binding and endocytosis (Bartz 

et al., 2002; Kincaid et al., 2012;Heppner et al., 2001; Mabbott and MacPherson, 
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2006; Manuelidis and Lu, 2003; Mishra et al., 2004; Morel et al., 2005), and 

recently paracellular transport between epithelial cells (Jacquemot et al., 2005; 

Kincaid et al., 2012). Once prions cross the mucosal epithelium in the gut, they 

are detected on follicular dendritic cells within Peyer’s patches, within 

macrophages, and within ganglia of the enteric nervous system. (Cashman and 

Caughey, 2004; Head et al., 2009). The enteric nervous system provides a direct 

route for prions to enter the nervous system, and prion diseases referred to as 

neurotropic likely follow this route of spread (Aguzzi et al., 2013). In contrast, 

prion diseases referred to lymphotropic such as scrapie, TME, CWD, and vCJD, 

have a period of PrPSc conversion in secondary lymphoid organs prior to 

neuroinvasion (Hadlow et al., 1987a; Millson et al., 1960; Sigurdson et al., 1999; 

Aguzzi et al., 2013). Following transepithelial transport of PrPSc, it is likely spread 

to secondary lymphoid organs such as the spleen and lymph nodes via dendritic 

cells (Huang et al., 2002; Raymond et al., 2007). Once in these secondary 

lymphoid organs, follicular dendritic cells expressing PrPC are hypothesized to 

serve as a site of prion conversion and PrPSc accumulation (Kitamoto et al., 

1991; Montrasio et al., 2000). Prions then enter the nervous system from these 

secondary lymphoid organs which are innervated with parasympathetic and 

sympathetic nerves (Mabbott and MacPherson, 2006; McBride and Beekes, 

1999; McBride et al., 2001).  
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1.4.B. Neuronal transport 

Once the prion agent is exposed to neuronal cells, it can travel along 

neuronal tracts and pass from one neuron to another. Inoculation of the sciatic 

nerve with hamster adapted prion strains leads to spread of PrPSc to the spinal 

cord via ventral motor neurons (VMNs), followed by spread of PrPSc to the brain 

and brainstem via retrograde transport along four descending neuronal tracts 

(Ayers et al., 2008; Bartz et al., 2002).  The mechanisms of transport within 

neurons and from one cell to another are poorly understood. It is hypothesized 

that PrPSc spreads from one neuron to another via exosomes, tunneling 

nanotubes, or cell-to-cell contact (Hofmann et al., 2013). It has been proposed 

that the mechanism of PrPSc spread within a cell may involve transport along 

microtubules (Encalada et al., 2011). 

 

1.4.C. Species barrier 

The species barrier phenomenon, first described by Pattison and Jones in 

1968 (Bessen et al., 2009; Pattison and Jones, 1968), is the inefficiency of 

transmission between distantly related species (Scott et al., 1993). This 

inefficiency of transmission leads to prolonged incubation periods, incomplete 

attack rates, or lack of susceptibility of the new host species. The species barrier 

occurs due to a mismatch of the prion protein amino acid sequence of the donor 

versus the recipient species, which influences the folding of PrPSc (Greenlee and 

Greenlee, 2015). For this reason, the degree of similarity in the amino acid 

sequence of the prion protein influences the efficiency of transmission (Prusiner 
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et al., 1990). For sheep, the prion protein gene haplotypes 136 alanine, 154 

histidine, and 171 arginine are hypothesized to confer resistance to infection with 

scrapie. Conversely the haplotypes associated with scrapie susceptibility are 136 

valine, 154 arginine, and 171 glutamine (Greenlee and Greenlee, 2015). Multiple 

passages within the new host species are often necessary to overcome the 

species barrier and for the incubation period to stabilize (Hill and Collinge, 2004).  

 

1.5 Prion disease etiology 

1.5.A. Genetic prion disease 

Inherited prion diseases are caused by germ-line mutations to the PrP 

gene that is passed on to offspring. These germ-line mutations cause amino acid 

changes that favor the PrPSc conformation, or cause spontaneous conformation 

change of PrPC into PrPSc. Inherited forms of prion disease include familial CJD, 

Gerstmann-Straussler-Scheinker syndrome, fatal familial insomnia, and prion 

protein congophilic angiopathy (Ironside, 2012). 

 

1.5.B. Sporadic prion disease 

Sporadic prion diseases are hypothesized to arise from either somatic 

mutations in the PrP gene that cause amino acid changes favoring the PrPSc 

conformation, or from spontaneous conformation change of PrPC into PrPSc. 

Sporadic forms of human prion disease include sporadic CJD, sporadic fatal 

insomnia, and variable protease-sensitive prionopathy (Ironside, 2012). There 

appears to be a genetic predisposition to sCJD, with the majority of those 
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affected having methionine homozygosity in codon 129 of the prion protein gene 

(Cashman and Caughey, 2004; Ironside, 2012). This would suggest that those 

who are heterozygous in codon 129 are more resistant to developing sCJD.  

 

1.5.C Acquired prion diseases 

Like dieseases caused by viruses, prion diseases can also be aquired via 

infection, and it is hypothesized that aquired prions originate from transmission of 

sporadic or inherited cases of prion disease. Experimental evidence of the 

transmissible nature of prions was demonstrated as far back as 1946 when 

cerebral spinal fluid from scrapie sheep caused scrapie in healthy sheep 

following i.c. inoculation (Gordon, 1946). Prions can be shed in a variety of body 

fluids, including urine, saliva, feces, semen, nasal secretions, blood, and milk 

(Kincaid et al., 2012), and prions have also been detected in placenta, decaying 

carcasses, and antler velvet (Kincaid et al., 2012). Once in the environment, 

prions can resist degradation and remain infectious for years (Brown and 

Gajdusek, 1991). PrPSc can bind to a variety of soil types, and hamsters 

inoculated with soil bound PrPSc succumbed to prion disease (Saunders et al., 

2011). At a farm that housed scrapie infected sheep, PrPSc was detected on 

water and feeding troughs, fences, and scratching posts (Maddison et al., 2010). 

The infectivity in the environment is of particular concern for transmission of 

CWD to ruminants such as deer. Deer use their olfactory systems for essential 

purposes such as reproduction, food detection, and predator surveillance 

(Kincaid and Bartz, 2007; Bessen et al., 2010; Deleault et al., 2012b; Kimberlin 
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and Walker, 1986b; Kincaid et al., 2012), and these behaviors can cause deer to 

inhale soil particles. Prion infection via inhalation has been demonstrated 

experimentally using intranasal or extranasal inoculation of brain homogenate 

into sheep, hamsters, and mice (Bessen et al., 2009; Deleault et al., 2012b; 

Hamir et al., 2008; Kincaid and Bartz, 2007; Sbriccoli et al., 2008), indicating that 

it is a viable route of infection. Deer and other ruminant also ingest soil during the 

food foraging process, making ingestion another potential route of CWD infection 

(Saunders et al., 2008). 

Prions can be transmitted from mother to offspring in utero and are 

hypothesized to be transmitted in breast milk as well (Nalls et al., 2013). Prions 

can also be transmitted via consumption of contaminated tissue from an infected 

individual. The outbreak of classical BSE in cattle is hypothesized to have 

occurred due to the practice of feeding cattle meat and bone meal that contained 

PrPSc contaminated CNS tissue. The source of the PrPSc may have been from 

cattle with sporadic prion disease or sheep that had scrapie. Once new cattle 

became infected, their tissue became mixed in with the cattle feed causing the 

disease to spread (Greenlee and Greenlee, 2015). Transmissible mink 

encephalopathy of ranch-raised mink was originally thought to have originated 

from scrapie infected sheep, and this hypothesis was supported by the 

transmission of sheep scrapie to mink (Hanson et al., 1971) and the transmission 

of TME to sheep (Hadlow et al., 1987b).  However there is no evidence of mink 

having contact with sheep scrapie, so TME likely originated from another source, 

potentially from BSE transmitted to mink due to feeding mink tissue from fallen or 
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sick cattle (Marsh et al., 1991). This hypothesis is supported by studies 

demonstrating that the L-type of atypical BSE has similar neuropathology and 

similar PrPSc electrophoretic migration as TME (Baron et al., 2007). 

Human prion disease has also originated from infectious etiologies. 

Variant CJD is hypothesized to have originated from humans consuming BSE 

contaminated meat (Molesworth et al., 2012) or using BSE contaminated cattle 

products. The start of vCJD cases coincided with the BSE outbreak in the UK, 

and it has been shown that BSE can be transmitted to mice expressing human 

prion protein (Bruce et al., 1997). Kuru also has an infectious etiology and was 

passed among the Fore people of Papua New Guinea due to the practice of 

consuming the brains of deceased relatives as part of a mortuary feast 

(Gajdusek, 1977). Kuru and CJD have also been experimentally transmitted from 

humans to chimpanzees (Gajdusek et al., 1996; Gibbs et al., 1968). Of current 

concern is whether or not CWD can be passed from cervids to humans.  Chronic 

wasting disease has caused disease in non-human primates (Marsh et al., 2005) 

but was not transmissible to mice expressing human PrPC (Kong et al., 2005). 

There is currently no evidence of transmission of CWD to humans but guidelines 

still exist regarding hunting in regions where CWD is prevalent.  

Prion infections have also been spread iatrogenically through medical 

procedures including blood transfusion (Head et al., 2009), via transplantation of 

infected dura mater and corneal grafts (Steelman, 1994), and via subcutaneous 

inoculation of infected growth hormone (Jacquemot et al., 2005). Transmission of 

CJD from growth hormone has been documented in more than 450 cases (Duffy 
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1974). There is evidence that four cases of vCJD may have occurred due to 

blood transfusions from donors that were asymptomatic at the time of donation 

(Lescoutra-Etchegaray et al., 2015). Better early detection methods will help with 

preventing iatrogenic prion infections. 

 

1.6 Effect of prions on host 

1.6.A Cause of neurodegeneration  

When the host cells are unable to clear the prion aggregates, eventually 

the buildup of PrPSc induces neuronal death via an unknown mechanism (Hetz 

and Soto, 2006). One hypothesis is that PrPSc induces endoplastic reticulum 

stress which leads to increased release of calcium (Mukherjee et al., 2010). One 

consequence of this increased calcium release is the hyperactivation of the 

phosphatase calcineurin, which has the downstream effect of activating 

apoptosis pathways (Mukherjee et al., 2010). It is hypothesized that the loss of 

PrPC on the neuronal surface due to conversion to PrPSc is involved in 

neurodegeneration (Brandner 1996). When PrPC-deficient mice had neural tissue 

expressing PrPC grafted into their brains, inoculation of the PrPC expressing 

neural tissue with PrPSc lead to conversion of the graft PrPC into new PrPSc. This 

newly converted PrPSc spread to areas in the brain deficient for PrPSc, however 

the only tissue that demonstrated neurodegeneration was the graft tissue 

expressing PrPC, not the PrPC deficient tissue (Brandner 1996). This lends 

support to the hypothesis that PrPC is required for neurodegeneration.  
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1.6.B. Host response to prion disease 

In prion infected individuals, the body is not able to mount an adequate 

response to remove the aggregated PrPSc. PrPSc is able to induce the unfolded 

protein response (Hetz and Soto, 2006) which is a means for the host to 

removed misfolded protein via the proteasome, but this process if insufficient to 

degrade the accumulated PrPSc (Hetz and Soto, 2006). Phagocytosis of PrPSc 

appears to be inefficient to clear the aggregates and prevent neurodegeneration 

and spread (Hughes, 2010). The host is unable to establish a humoral immune 

response to PrPSc because the amino acid sequence is that of an endogenous 

host protein (Aguzzi et al., 2013). However it is hypothesized that the host 

mounts an innate immune response to prion infection. Toll-like receptors (TLR) 

might be stimulated by PrPSc due to the fact that mice devoid of TLR4 or 

interferon-regulatory factor 3 demonstrate accelerated prion pathogenesis 

(Aguzzi et al., 2013). Neuroinflammation is associated with prion disease in the 

form of astrocytosis and microgliosis (Aguzzi 2013). During prion disease, the 

pro-inflammatory cytokines interleukin-1 alpha, interleukin-1 beta, tumor necrosis 

factor, and interleukin-6 are induced, as are the anti-inflammatory cytokines 

transforming growth factor beta, interleukin-4, and interleukin-10 (Aguzzi et al., 

2013). Prion infection also has an affect on chemokine production (Aguzzi et al., 

2013), but unfortunately the chemokine and cytokine responses are inefficient to 

protect the host from prion disease.  
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1.7 Other examples of prions 

1.7.A. Yeast prions 

Prions are not exclusive to mammals and have been characterized in 

yeast as well. Like mammalian prions, yeast prions are altered forms of yeast 

proteins. Examples of yeast prions include [URE3], [PSI+], and [PIN+], which are 

the prion form of endogenous yeast proteins Ure2, Sup35, and Rnq1 respectively 

(Bradley et al., 2002; Wickner, 1994). Unlike mammalian prions, yeast prions are 

not detrimental to the host and instead provide survival benefits under stressful 

growth conditions. For example, the yeast prion [URE3] helps yeast grow on 

nitrogen poor sources, [PSI+], represses the function of Sup35, a translational 

terminator, and [PIN+] promotes the overproduction of [PSI+] (Bradley et al., 

2002).  

 

1.7.B. Misfolded protein in other diseases 

Much like prion diseases, other neurodegenerative diseases exhibit 

aggregation of abnormal forms of endogenous host proteins in the tissue of 

effected individuals (Prusiner, 2012). These diseases include Alzheimer’s 

disease, Parkinson’s disease, amyotrophic lateral sclerosis (ALS), and 

Huntington’s Disease (Prusiner, 2013). Parkinson’s disease is characterized by 

an abnormal form of alpha-synuclein, and studies have demonstrated that Beta 

sheet–rich alpha-synuclein can induce a conformational change in normal alpha-

synuclein (Prusiner, 2012) demonstrating a prion-like mechanism of propagation. 

Alzheimer’s disease is characterized by accumulation of amyloid beta and 
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phosphorylated tau (Prusiner, 2012). Unlike prion disease, however, natural 

transmission of these other diseases had previously not been demonstrated until 

recently (Fernández-Borges et al., 2013;). A recent study of the brains of eight 

individuals diagnosed with iatrogenic CJD caused by injection of prion 

contaminated growth hormone demonstrated that the individuals also had 

amyloid beta pathology in their brains (Jaunmuktane et al., 2015). These results 

suggest that proteopathic seeds from a neurodegenerative disorder other than 

prion disease could potentially be spread via the iatrogenic route of infection 

(Jaunmuktane et al., 2015).  

	  

1.8 Prion Strains 

1.8.A. Definition 

Prion strains can have differences in phenotype, pathogenesis, and 

biochemical properties (Maddison et al., 2010; Greenlee and Greenlee, 2015) 

and are operationally defined by differences in the distribution of spongiform 

degeneration and distribution of PrPSc in the CNS. Prion strain properties are 

maintained upon passage into a new host of the same species.  

 

1.8.B. Clinical signs and incubation period 

The clinical signs of prion disease can vary with different prion strains. The 

HY strain of hamster adapted TME is characterized by ataxia and 

hyperexcitability, whereas the DY strain is characterized by progressive lethargy 

(Bessen and Marsh, 1992b). Strains can also exhibit differences in incubation 
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period. The incubation period is defined as the period between inoculation with 

prions and the onset of clinical disease. When the murine strains ME7, 22C, 22L, 

79A, 139A, 22A, 87V are i.c. inoculated into C57BL mice, their incubation periods 

vary and are 168, 170, 157, 161, 166, 474 and >700 days respectively (Bruce et 

al., 1991; Nalls et al., 2013). The route of inoculation can influence the incubation 

period of disease.  Intraperitoneal inoculation of the ME7, 22C, 22L, and 79A 

strains extends the incubation periods compared to i.c. inoculation by 107, 65, 77, 

and 63 days respectively (Bruce et al., 1991; Nalls et al., 2013). Differences in 

incubation period are also observed for hamster adapted strains. Intracerebral 

inoculation of the hamster adapted strains HY TME, 263K, HaCWD, 22AH, 22CH, 

139H, DY TME, and ME7H have incubation periods that average 65, 61, 61, 136, 

161, 159, 170, and 263 days respectively (Ayers et al., 2011). Similar to mouse 

strains, the route of infection of hamster strains can alter the incubation period 

(Ayers et al., 2011).  

 

1.8.C. Neuropathology and PrPSc deposition 

 Prion disease neuropathology is characterized by the formation of 

vacuoles in the neurons of the CNS, referred to as spongiform degeneration, and 

the deposition of PrPSc within the CNS. The degree and location of both 

spongiform degeneration and PrPSc deposition can vary with different prion 

strains. Spongiform degeneration can be analyzed in the form of a “lesion profile”, 

where the degree and relative distribution of vacuolization is determined for 9 

regions of the brain (Fraser and Dickinson, 1968). Inoculation of mice with 
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murine prion strains leads to different lesion profiles (Fraser and Dickinson, 

1973). Different spongiform degeneration has also been observed following 

inoculation with hamster prion strains. Hamsters inoculated with DY TME 

develop less severe spongiform degeneration in the cerebellar cortex and brain 

stem than HY TME infected animals, and DY TME infected animals have 

spongiform degeneration adjacent to the pyramidal layer of the hippocampus 

while this is absent in hamsters infected with HY TME (Bessen and Marsh, 

1992a).  

 The location and severity of PrPSc deposition varies with prion strain. In 

comparison to the RML inoculated mice, the 22A inoculated mice had more 

PrPSc in the hypothalamus, less intense PrPSc deposition in dentate gyrus, more 

PrPSc staining in the full thickness of the neocortex versus just the inner layers, 

and less PrPSc in the corpus callosum (Carlson et al., 1994). PrPSc deposition 

differences were also observed with hamster prion strains, with the brains of 

hamsters infected with HY or DY TME having different patterns of PrPSc 

deposition at clinical stage of disease (Bessen and Marsh, 1994; Ayers et al., 

2008). Strain differences in PrPSc deposition pattern in the brain have also been 

shown for different strains of sheep scrapie (González et al., 2002). The cellular 

localization of PrPSc within neurons can also vary with strains. Analysis of the red 

nucleus of DY TME infected animals revealed DY PrPSc deposition in the 

neuropil of neurons but not the soma (Ayers et al., 2011). In contrast, PrPSc was 

detected in both the neuropil and soma of red nucleus neurons in animals 

infected with the strains HY TME, 263K, and HaCWD (Ayers et al., 2011). Sheep 
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infected with either scrapie or BSE have differences in intracellular PrPSc 

truncation, likely due to differences in cellular processing (Jeffrey et al., 2003).   

 

1.8.D. Extraneural prion infection  

Strains differ in their ability to cause disease following extraneural 

inoculation. DY TME does not cause prion disease following intraperitoneal 

inoculation (Bessen and Marsh, 1992a), oral ingestion, or inoculation of lymph 

nodes (Bartz et al., 2005). In contrast, the HY TME strain is able to cause prion 

disease via these routes of inoculation (Bartz et al., 2005). DY PrPSc is not 

detected in the lymph nodes or spleen of animals following various routes of 

inoculation, but HY PrPSc is detectable in these structures (Bartz et al., 2004; 

Bartz et al., 2005).  

 

1.8.E. Western blot profile 

Following limited PK digestion and Western blot analysis, PrPSc has three 

different bands corresponding to the unglycosylated, monoglycosylated, and 

diglycosylated forms of the protein (Figure 1.2). The PrPSc polypeptides of HY 

and DY TME have strain specific migration patterns, with the three HY TME 

polypeptides migrating at 27 to 30 kDa, 23 to 25 kDa, and 21 kDa. In contrast, 

the migration pattern of the DY TME polypeptides are 1-2 kDa faster (Bessen 

and Marsh, 1992b) (Figure 1.2).  In CJD, two prion strains have been identified 

referred to as type 1 and type 2. Following PK digestion, the unglycosylated band 

of type 1 CJD migrates at 21 kDa while the unglycosylated band of type 2  



	  

	   28	  

 

	  	  

Figure 1.2. Western blot migration of HY and DY PrPSc polypeptides. PrPSc 
has three glycosylation states: diglycosylated, monoglycosylated, and 
unglycosylated. HY and DY PrPSc can be distinguished based upon the 
migration of the unglycosylated polypeptide, 21 or 19 kDa respectively.  
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migrates at 19 kDa (Parchi et al., 2000). BSE can be divided into three strains, 

classical BSE, H-type BSE, and L-type BSE, and these three strains have 

different electrophoretic mobilities (Greenlee and Greenlee, 2015). The hamster 

prion strains HaCWD, ME7H, 139H, 22AH, and 22CH all have the same 

electrophoretic mobility as HY TME (Ayers et al., 2011). 

 

1.8.F. Susceptibility to proteinase K 

Compared to PrPC, PrPSc is more resistant to protease digestion. After 

short incubations with relatively low concentrations of PK, the N-terminus of 

PrPSc is cleaved but a protease resistant core remains. Despite having the same 

amino acid sequence, HY and DY TME are cleaved at different N-terminal sites 

by PK (Bessen and Marsh, 1994), which causes the differential electrophoretic 

migration of these strains. The protease resistant core of PrPSc can be degraded 

when the concentration of PK is increased and also when the length of 

incubation is increased. Incubation of brain microsomes enriched for DY TME 

with 100 µg/mL PK at 37 °C for 12 hours led to complete digestion of PrPSc, 

whereas PrPSc was still detectable after 48 hours of incubation of brain 

microsomes enriched for HY TME with the same concentration of PK (Bessen 

and Marsh, 1994). Incubation of purified PrPSc from murine strains with 50 µg/mL 

PK also leads to strain-specific differences in PK susceptibility. After 6 hours of 

PK digestion, PrPSc from the mouse scrapie strain Chandler was reduced by 84% 

compared to a 19% reduction of PrPSc from the mouse scrapie strain 87V 

(Kuczius and Groschup, 1999). After 48 hours of PK digestion, the degree of 
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PrPSc degradation was 86%, 94%, 99%, 88% for the mouse scrapie strains 87V, 

ME7, Chandler, and 22A respectively (Kuczius and Groschup, 1999).  

 

1.8.G. Conformational stability 

 Prion strains can have a different conformational stabilities of PrPSc. PrPSc  

conformational stability was determined for hamster prions by incubating brain 

homogenates with increasing concentrations of sodium dodecyl sulfide (SDS) 

followed by PK digestion (Ayers et al., 2011). Using this assay, the concentration 

of SDS required to achieve a 50% reduction in PrPSc signal intensity, referred to 

as the SDS half value ([SDS]1/2) were determined for several hamster prion 

strains. The lower the [SDS]1/2 value the lower the conformational stability of the 

PrPSc. The [SDS]1/2 for HY TME, 263K, HaCWD, 22AH, 22CH, 139H, DY TME, 

and ME7H were 1.14, 1.04, 0.78, 0.53, 0.46, and 0.5. 0.53, and 0.44 respectively 

(Ayers et al., 2011). Hamster prion strains that had shorter incubation periods 

had higher PrPSc conformational stabilities compared to long incubation period 

strains (Ayers et al., 2011). Previous studies determined the conformational 

stability of murine prion strains using guanidine hydrochloride (HCl) as the 

denaturant (Legname et al., 2006). In contrast to hamster prion strains, murine 

prion strains that had shorter incubation periods were demonstrated to be less 

conformationally stable (Legname et al., 2006).  
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1.8.H. Molecular basis of prion strains  

The mechanism of how prion strains are encoded is poorly understood. It 

is hypothesized that prion strain properties may be imparted by variations in 

PrPSc conformation (Bessen and Marsh, 1992b; Telling et al., 1996a), and that 

the conformational differences may arise due to prion gene polymorphisms within 

a host species, due to inherent conformational flexibility of the prion protein, or 

following interspecies transmission (Greenlee and Greenlee, 2015). Following 

limited PK digestion, the protease resistant PrPSc of HY and DY TME are 

differentially truncated, which suggests that there are conformational differences 

between these two strains (Bessen et al., 1995). Bessen et al. used an in vitro 

prion assay to demonstrate that the strain-specific properties of HY and DY TME 

could be maintained upon conversion of PrPC into new PrPSc (Bessen et al., 

1995), giving support to the theory of non-genetic prion propagation (Zabel and 

Reid, 2015).  

 

1.8.I. Strains in other protein misfolding diseases 

Misfolded protein strains are hypothesized to exist in other 

neurodegenerative disorders such as Alzheimer’s and Parkinson’s disease. Two 

polymorphs of alpha-synuclein generated under different conditions 

demonstrated differences in structure, seeding ability, propagation, and levels of 

toxicity (Bousset et al., 2013), indicating that the polymorphs were likely alpha-

synuclein strains. Proteinase K treatment of brain tissue from Parkinson’s 

Disease with dementia (PDD) patients produced one alpha-synuclein band that 
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migrated around 15 kDa, whereas PK treatment of brains from PDD patients also 

diagnosed with Alzheimer’s disease led to two alpha-synuclein bands (16 kDa 

and 14 kDa), which would suggest the existence of multiple alpha-synuclein 

strains (Guo et al., 2013). Conformational stability assays using brain 

homogenates from Alzheimer’s disease patients with the Arctic amyloid 

precursor protein mutation or the Swedish amyloid precursor mutation 

determined that the amyloid beta aggregates from the Swedish mutation patients 

were more resistant to denaturation, suggesting that the brain homogenates 

contained different strains (Watts et al., 2014). Further evidence of strains came 

from inoculation of transgenic mice expressing the human amyloid precursor 

protein with Arctic Alzheimer’s disease samples or Swedish Alzheimer’s disease 

samples. It was determined that the amyloid beta aggregate morphology and 

accumulation was different depending on which homogenate was inoculated, and 

the pathology was maintained after serial passage in mice (Watts et al., 2014). 

	  

1.9 Strain mixtures 

1.9.A. Existence of strain mixtures in natural infection 

Prion strains can exist as a mixture within an infected host. Two types of 

PrPSc, type 1 and type 2, have been identified in CJD based upon the migration 

of their unglycosylated polypeptide following PK digestion (Parchi et al., 1996; 

Parchi et al., 2000). The PrPSc properties of type 1 and type 2 CJD are 

maintained upon transmission to mice expressing human PrPC (Telling et al., 

1996a), which indicates that the PrPSc types are likely human prion strains. 
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Analysis of the brains of CJD patients that had PrPSc classified as type 2 

determined that type 1 PrPSc was also present based upon positive reactivity with 

antibodies specific for type 1, indicating that there was a mixture of strains 

(Polymenidou et al., 2005). Other studies also demonstrated the co-existence of 

type 1 and type 2 PrPSc in the brains of CJD patients (Notari et al., 2007; Puoti et 

al., 1999). Western blot analysis of tissues from cattle inoculated with H-type 

BSE using type specific antibodies also indicated that two types of PrPSc, type #1 

and type #2, could co-exist in extraneuronal tissue of infected animals (Okada et 

al., 2016). The passage of sheep scrapie into wild type or transgenic mice 

expressing ovine PrPC led to isolation of multiple prion strains, indicating that 

mixtures of strains likely existed in the brains of the scrapie infected sheep 

(Thackray et al., 2011; Thackery et al. 2012).  

 

1.9.B. Interspecies transmission 

Interspecies transmission is thought to lead to the generation of different 

prion strains. It is hypothesized that following interspecies transmission, multiple 

strains are passaged to the naïve host, or alternatively one strain is passaged 

that later gives rise to multiple new strains. Transmission of a biological clone of 

TME to hamsters followed by intraspecies passage led to the emergence of two 

hamster adapted prion strains, HY and DY TME (Bartz et al.,  2000). Which of 

these two strains emerged depended on the intraspecies passage conditions and 

was determined via phenotypic characteristics and via the migration of PrPSc 

(Bartz et al., 2000). Although only one strain of prions appeared to be present in 
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each animal based upon these parameters, it is likely that the strains actually 

exist as a mixture and that the mixture was generated upon passage from mink 

to hamster. However, it cannot be excluded that the mixture of prion strains 

originated from the biologically cloned TME agent.  

 

1.10 Prion Strain interference 

1.10.A. Definition 

When multiple prion strains are present in a host, strains can interact with 

one another. Strain interference is the process where long incubation period 

strains are able to interfere with or completely block the emergence of shorter 

incubation period strains.  

 

1.10.B Prion superinfection vs. co-infection 

Strain interference was first demonstrated in mice, using the two prion 

strains 22C and 22A. Mice were intracereberally inoculated with the 22C strain 

(i.e. the blocking strain), a long incubation period strain, and then subsequently 

inoculated (i.e. superinfected) with 22A, a short incubation period strain. The 

animals succumbed to 22A but the incubation period was extended compared to 

control animals inoculated with 22A alone (Dickinson et al., 1972). This 

experiment in mice was an example of prion strain interference via superinfection, 

in which the short incubation period strain is inoculated after the blocking strain. It 

is for this reason that the short incubation period strain in a strain interference 

reaction is commonly referred to as the superinfecting strain. Prion strain 
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interference can also occur following co-infection where the short and long 

incubation period stains are inoculated simultaneously (Bartz et al., 2000; Bartz 

et al., 2005).   

 

1.10.C. Strain interference is a common property of prions.  

Prion strains from mice, hamsters, and humans can participate in strain 

interference, indicating that the phenomenon is not limited to one species or a 

subset of prion strains (Bessen and Marsh, 1992b; Schutt and Bartz, 2008), 

(Dickinson et al., 1975; Manuelidis and Lu, 2003; Parchi et al., 2000). The mouse 

interference studies performed by Dickinson utilized i.c. inoculations of mouse 

prion strains 22C and 22A (Dickinson et al., 1975). Hamster adapted strains of 

TME exhibit strain interference via both neuronal (i.c., i.sc.) and extraneural (i.p., 

per os.) (Schutt and Bartz, 2008) routes of inoculation. Strain interference was 

achieved using strains of mouse adapted CJD that were inoculated via the 

intravenous or the i.c. route (Bessen and Marsh, 1994; Manuelidis and Lu, 2003). 

To date, all blocking strains have long incubation periods relative to the 

superinfecting strain (Ayers et al., 2011; Bessen and Marsh, 1994). Related to 

incubation period, many blocking strains have been demonstrated to have slow 

PrPSc amplification rates in vitro (Ayers et al., 2011; Kuczius and Groschup, 

1999). In hamster prion strain interference, the blocking strain DY TME has a low 

conformational stability relative to superinfecting strains (Ayers et al., 2011; 

Kuczius and Groschup, 1999). This is in contrast to murine strains where long 

incubation period strains have high conformational stability and short incubation 
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period strains have low stability (Legname et al., 2006). The PrPSc of the blocking 

strain DY TME only accumulates in the neuropil of neurons and not the neuronal 

somata, whereas superinfecting strains such as HY TME, 263K, and HaCWD 

accumulate in both the neuropil and soma of neurons (Ayers et al., 2011). If the 

PrPSc of both the blocking and superinfecting strains must be in the same 

location for strain interference to occur, this would suggest that the neuropil of 

neurons is the site of prion strain interference.  

 

1.10.D. The effect of prion strain ratio on the outcome of infection 

When the blocking and the superinfecting strains are co-infected, the 

PrPSc concentration of the blocking strain must be in excess relative to the PrPSc 

concentration of the superinfecting strain. Co-infection of hamsters with a 10-2 

dilution of DY TME infected brain and a 10-6 dilution of HY TME infected brain 

(10,000 fold difference) does not lead to strain interference and all animals 

develop clinical signs of HY TME (Bartz et al., 2000). In contrast, strain 

interference occurs following co-infection with 10-2 DY TME brain homogenate 

and 10-7 HY TME brain homogenate (100,000 fold difference) (Bartz et al., 2000). 

The effect of strain ratio is also observed in vitro using the PMCA strain 

interference model. Increasing concentration of DY TME relative to HY TME 

results in extending the number of rounds of sPMCA required for HY TME 

emergence (Shikiya et al., 2010) 
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1.10.E Interval between prion inoculations in strain interference  

The interval between inoculation of the blocking strain and the 

superinfecting strain affects strain interference. Inoculation of mice with 22C 

followed by superinfection with 22A one week later results in mice succumbing to 

22A similar to animals inoculated with 22A alone, however if the interval between 

inoculations is extended to five or nine weeks, there is a strain interference effect 

and the extension of the incubation period of 22A (Dickinson et al., 1972). Strain 

interference via the sciatic nerve or per os routes of inoculation are also 

dependent on the interval between inoculations (Bartz et al., 2004; 2007; 

Legname et al., 2006; Schutt and Bartz, 2008). When HY TME is intrasciatically 

inoculated into hamsters 60 days after sciatic nerve inoculation with DY TME, the 

clinical signs and incubation period are similar to HY TME indicating that strain 

interference has not occurred. When the interval between inoculations is 

changed to 90 days, there is an extension of the incubation period of HY TME, 

indicating that strain interference has occurred. An extension of the interval 

between inoculations to 120 days enhances the strain interference effect, with 

the emergence of HY TME being blocked and the animal developing clinical 

signs of DY TME(Bartz et al., 2007).  

 

1.10.F. Replication of blocking strain in prion strain interference  

A higher starting titer of blocking strain when the strains are co-infected, or 

a longer interval before inoculation of the superinfecting strain both enhance the 

ability to extend or completely block the superinfecting strain. Both circumstances 
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allow onset of replication of the slowly replicating long incubation period strain 

before onset of replication of the faster replicating short incubation period strain 

(Bartz et al., 2007; Bessen and Marsh, 1992b). The onset of blocking strain 

replication is more predictive of the outcome of the infection than if the strains 

were inoculated via a co-infection versus a superinfection.  

The blocking strain must be infectious for strain interference to occur. 

Inactivation of the blocking strain by boiling, exposure to 12 M urea, or ionizing 

radiation prevents strain interference from occurring (Kimberlin and Walker 1985). 

Mice inoculated with TME do not develop prion disease (Marsh et al., 1969; 

Taylor et al., 1986; Telling et al., 1996a) and when the TME agent is used as the 

blocking strain in interference experiments it does not interfere with the 22A, 22C, 

79A, 87A, 139A, or ME7 strains (Taylor et al., 1986). These results further 

support the hypothesis that the blocking strain needs to be infectious to cause 

strain interference.  

 

1.10.G. Infection of the same population of cells is required for strain interference  

Sciatic nerve inoculation of hamsters with a long incubation period strain 

(DY TME) prior to superinfection with a short incubation period strain (HY TME) 

leads to extension of the incubation period of HY TME or complete blockage of 

its emergence. Sciatic nerve inoculation with either the HY or DY TME agent 

results in initial infection of VMNs followed by retrograde spread along 4 

descending motor pathways (Ayers et al., 2008; Bartz et al., 2002). 

Superinfection of the sciatic nerve opposite (i.e. contralateral) to the DY TME 
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infected nerve results in animals succumbing to HY TME infection identical to 

animals inoculated with HY TME alone (Bartz et al., 2007). This demonstrates 

that both strains need to infect the same population of neurons, VMNs in this 

example, for the strain interference effect to occur. The identification of the 

location of strain interference allows for a more detailed analysis of the 

mechanism(s) responsible for prion strain interference. Additionally, the lack of 

strain interference when the DY and HY TME agents are inoculated into opposite 

sciatic nerves suggests that the strain interference effect is likely not due to a 

cellularly secreted factor.  

 

1.10.H. Strain interference is not due to neuronal damage by the blocking strain 

Strain interference likely occurs at the molecular level. The blockage of HY 

TME emergence by DY TME following sciatic nerve inoculation of the two strains 

is not due to inhibited axonal transport, VMN cell death, or neuropathological 

changes in the VMNs (Shikiya et al., 2010), indicating that strain interference is 

not due to changes to host physiology or cellular damage. However, inhibition of 

other cell to cell transport mechanisms such as exosomes has not been ruled out 

(Shikiya et al., 2010). Strain interference can be modeled in vitro via PMCA 

(Shikiya et al., 2010).  PMCA is a cell free assay and therefore is not able to 

recapitulate anatomical changes, so the strain interference effect observed in 

PMCA must be occurring at the molecular level.  
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1.10.I. The replication site hypothesis  

The replication site hypothesis proposed by Dickinson and Outram 

provides a framework in which to understand prion strain interference (Dickinson 

and Outram, 1979). The replication site hypothesis predicts that prions occupy a 

“replication site” in the host that is necessary for prion propagation. Blocking and 

superinfecting strains utilize replication sites common to both strains. It is 

hypothesized that long incubation period strains engage in “site blocking” 

(Dickinson and Outram, 1979) and prevent short incubation pferiod strains from 

accessing common replication sites. For competition between long incubation 

period and short incubation period strains to occur, the number of replication 

sites must be limiting. Evidence for limited replication sites comes from strain 

interference studies in which the incubation period of the superinfecting strain 

was increased by 17% in splenectomized mice compared controls without 

spleens removed (Dickinson and Outram, 1979).  Splenectomy may have 

removed extraneural replication sites, thereby depleting the replication sites 

available to the superinfecting strain.  

 

1.10.J. Protein misfolding cyclic amplification strain interference   

An in vitro strain interference model using hamster brain homogenate has 

been used successfully to investigate properties of strain interference (Shikiya et 

al., 2010). In this model, HY TME serves as the short incubation period strain 

and DY TME serves as the long incubation period blocking strain. HY and DY 

TME infected hamster brain homogenates are combined and added to PMCA 
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substrate (uninfected hamster brain homogenate). DY TME brain homogenate is 

added at a constant concentration, but HY TME brain homogenate concentration 

is varied. Following analysis of multiple rounds of PMCA, the predominant strain 

can be distinguished via SDS polyacrylamide gel electrophoresis (PAGE) and 

Western blot analysis. In the in vitro strain interference model, DY TME is 

observed to interfere with emergence of HY TME. The number of rounds of 

amplification necessary for HY TME to overcome the interference effect varies 

with the concentration of HY TME, and these results are consistent with 

increased incubation periods observed during in vivo interference experiments 

(Bartz et al., 2007) 

 

1.11. Research Goals 

The involvement of strain interference in prion strain adaptation makes 

this an important aspect of prion biology. Multiple prion strains are present in 

human individuals infected with CJD (Polymenidou et al., 2005). Upon passage 

to naïve individuals, strain interference may affect the emergence of a dominant 

strain during adaptation of the disease to the new host, creating more pathogenic 

forms that could have a more devastating effect on human health. Therefore 

understanding the mechanism of prion strain interference is essential for limiting 

the adaptation of prion strains. Also, once the mechanism of strain interference is 

characterized, it could potentially be mimicked and utilized as a therapy for prion 

disease. Limiting PrPSc conversion is believed to be the key step to preventing 

the development of prion disease. By artificially inducing strain interference, it 
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may be possible to prevent the replication and emergence of pathogenic prion 

strains that cause disease in animals and humans. We hypothesize that the 

means by which long incubation period strains interfere with emergence of short 

incubation period strains is via the sequestration of host factors essential for 

PrPSc conversion. My research focused on investigating two putative host factors 

involved in prion strain interference, RNA and PrPC.  

Another focus of my research was to investigate the capacity of long 

incubation period strains to serve as blocking strains in prion strain interference. 

To date the only hamster strain identified as a blocking strain is DY TME, and so 

we were interested in the long incubation period hamster strain 139H could serve 

as a blocking strain. We investigated the capacity the capacity for 139H to block 

HY TME, which necessitated the identification of a biochemical assay to identify 

the predominant form of PrPSc present in the infected hamster brains. The 

conformational stability assay utilized had the capacity to identify mixtures of 

PrPSc from HY TME and 139H, which led us to investigate whether or not the 

strain interference samples contained strain mixtures. This was of interest 

because prion strain mixtures have been identified in natural prion infections, and 

it is important to investigate how strain mixtures can affect prion adaptation.  



	  

	   43	  

 
CHAPTER 2: METHODS 

 

2.1. Sciatic Nerve Inoculation 

Male Syrian golden hamsters (Harlan-Sprague-Dawley, Indianapolis, IN) 

were anesthetized using isoflurane and their right sciatic nerve was exposed. 

The sciatic nerve was inoculated using a 30 gauge needle with 2 µl of a 1% w/v 

brain homogenate from a hamster at the clinical stage of disease infected with 

either the HY strain of TME or with the 139H strain of hamster adapted scrapie. 

The surgery site was closed using surgical staples, and the animals were 

observed three times per week for the onset of clinical signs. The clinical signs of 

HY TME are hyperexcitability and ataxia, and the clinical signs of 139H are 

ataxia and weight gain. Incubation period was determined based upon the 

number of days between inoculation and the onset of clinical disease. 

 

2.2. Tissue Collection and Processing 

Hamsters were sacrificed via CO2 inhalation delivered from a compressed 

gas cylinder at a flow rate of 20% of chamber volume per minute. The flow rate 

was maintained for 1 minute following cessation of movement and death was 

verified via thoracotomy. Tissue was then collected and frozen at -80 °C. 

Uninfected hamsters were transcardially perfused with 75 ml of ice-cold 

phosphate-buffered saline containing 5 mM ethylenediaminetetraacetic adid 

(EDTA) (pH 7.4) and brains were collected and frozen at -80 °C for use as a 

PrPC source in PMCA. Hamsters were anesthetized with isoflurane and 



	  

	   44	  

transcardially perfused with 50 ml of 0.01 M DPBS, followed by perfusion with 75 

ml of McLean’s paraformaldehyde-lysine-periodate (PLP) fixative. Tissue was 

collected and immersed in PLP for 5-7 hours at room temperature and then was 

paraffin processed. 

 

2.3. Immunohistochemistry and Tissue Staining 

Tissue that had previously fixed via PLP and paraffin embedded was cut 

into 7µm tissue sections and placed on microscope slides. The slides were 

deparaffinized and incubated in 95% formic acid (Sigma-Aldrich, St. Louis, MO) 

for 20 minutes at room temperature. A 0.3% H2O2 in methanol solution was 

added to the slides for 20 minutes at room temperature to block for endogenous 

peroxidases followed by blocking non-specific staining by incubating slides with 

10% normal horse serum (Vector Laboratories, Burlingame, CA) in tris-buffered 

saline for 30 minutes at room temperature. Sections were incubated overnight at 

4 °C with anti-PrP monoclonal antibody 3F4 (1:600; Chemicon; Billerica, MA). 

Next sections were incubated with biotinylated horse anti-mouse immunoglobulin 

G conjugate followed by incubation in Avidin-Biotin Complex (ABC) solution (Elite 

Kit; Vector Laboratories, Burlingame, CA). A solution of 0.05% w/v 3,3’-

diaminobenzidine (Sigma-Aldrich, St. Louis, MO) in tris-buffered saline containing 

0.0015% H2O2 was added to the sections to visualize chromagen and the 

sections were counterstained with hematoxylin (Richard Allen Scientific, 

Kalamazoo, MI). Tissues were analyzed for morphology via staining slides with 

hematoxylin and eosin or with cresyl violet to stain for Nissl substance. Slides 
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were then analyzed via light microscopy using a Nikon i80 microscope (Nikon, 

Melville, NY) and images were captured via Infinity Capture version 5.1.0.3 and 

ImageJ version 1.47. Images were white balance processed using Adobe Bridge 

CS6 (San Jose, CA). Tissue sections were analyzed at sampling intervals of no 

greater than 126µm. 

 

2.4. Sciatic Nerve Strain Interference 

The sciatic nerve was utilized to model strain interference between HY 

TME and 139H in order to target PrPSc from the two strains to the same 

population of neurons. There were three experimental groups with 5 hamsters in 

each group. Hamsters in group 1 were inoculated via the sciatic nerve with 2 µl of 

a 1% w/v brain homogenate from a 139H clinical hamster followed by inoculation 

of the sciatic nerve with 2 µl of a 1% w/v brain homogenate from a HY TME 

clinical hamster 25 days later. Group 2 had 50 day interval between 139H and 

HY TME inoculations, and group 3 had a 75 day interval between inoculations. 

Five animals were inoculated via the sciatic nerve with uninfected hamster brain 

homogenate 50 days prior to inoculation with HY TME brain homogenate to 

serve as a HY TME positive control. For the 139H positive control, five hamsters 

were inoculated via the sciatic nerve with 139H infected brain homogenate and 

then inoculated 50 days later with uninfected hamster brain homogenate. All 

animals were observed three times per week for the onset of clinical signs of HY 

TME or 139H, and the disease incubation periods were calculated. 
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2.5. Homogenization of Brains 

Prion infected hamster brains that had been previously frozen at -80°C 

were thawed on ice and then homogenized in either Dulbecco’s phosphate 

buffered saline (DPBS) or PMCA conversion buffer (phosphate-buffered saline 

[pH 7.4] containing 5 mM EDTA, 1% [vol/vol] Triton X-100, and Complete 

protease inhibitor tablet (Roche Diagnostics, Mannheim, Germany) to a 

concentration of 10% w/v. Homogenization was performed using either a 

Tenbroek tissue grinder (Vineland, NJ) or using a syringe with increasing gages 

of needle (18, 20, 23, 26 G).  Uninfected hamster or mouse brains used as 

substrate for PMCA were homogenized in ice cold conversion buffer using either 

the Tenbroek tissue grinder or the needle and syringe method, and then were 

centrifuged at 470 x g for 30 seconds. The supernatant was collected and used 

for PMCA. 

 

2.6. Western Blot Analysis 

Brain homogenate (5% w/v) was combined with PK (Roche Diagnostics) 

to a final concentration of either 1 U/mL or 2 U/mL and incubated at 37°C for 

either 30 or 60 minutes with shaking. This degraded the PrPC and allowed for 

detection of PK resistant PrPSc. Proteinase K was substituted with the same 

volume of DPBS in order to allow for detection of PrPC or non-PK digested PrPSc . 

After incubation at 37°C the samples were combined with an equal volume of 2X 

sample buffer (25.22 g glycerol, 2.0 g SDS, 1.0 mL beta-mercapto ethanol, 0.5 

mg bromophenol blue, 50 mL Tris buffer pH 6.8) and heated at 100°C for 10 
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minutes in order to denature the protein and to inactivate the PK. The samples 

were then size fractionated with either pre-cast 4-12% bis-Tris-acrylamide 

NuPAGE gels (Invitrogen, Carlsbad, CA) or with SDS PAGE gels cast using the 

Laemmli method. Proteins were then transferred to a polyvinylidene difluoride 

membrane (PVDF) by wet transfer using a Bio-Rad trans-blot cell. Membranes 

were then blocked with 5% w/v blotting grade blocker (Bio-Rad Laboratories, 

Hercules, CA) for 30 min. Membranes were incubated with a primary antibody 

solution of either a 1:10,000 dilution of 3F4 (Chemicon, Temecula, CA) in 5% 

blotto or a 1:1,000 dilution of L42 (R-Biopharm Ag, Dermstadt, Germany) in 5% 

blotting grade blocker. Membranes were washed in tween tris buffered saline 

(TTBS) five times for 5 minutes each wash prior to incubation in a secondary 

antibody solution containing a 1:4,000 dilution of goat anti-mouse IgG horse 

radish peroxidase (HRP)-conjugated antibody (Thermo Scientific, Waltham, MA) 

in 5% w/v blotting grade blocker. Membranes were again washed in TTBS five 

times for 5 minutes each wash prior to being developed using Pierce Supersignal 

West Femto Sensitivity Substrate (Pierce, Rockford, IL) and imaged on a Kodak 

4000R imaging station (Kodak, Rochester, NY). The quantification of PrPSc 

abundance and the comparison of PrPSc abundance between samples were 

performed using Kodak Molecular Imaging Software v.5.0.1.27 (New Haven, CT). 

 

2.7. Twenty-four Hour PK Digestion of Brain Homogenates 

Hamster brain homogenates (10% w/v in DPBS) were diluted to 5% w/v in 

conversion buffer by mixing 50:50 with twice concentration conversion buffer. 
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The 5% w/v homogenates were then combined 50:50 with various concentrations 

(200 µg/mL, 400 µg/mL, 800 µg/mL) of PK in DPBS or with DPBS alone to 

generate mixtures with final concentrations of 2.5% w/v homogenate in 0 µg/mL 

PK, 100 µg/mL PK, 200 µg/mL PK, or 400 µg/mL PK. The homogenate/PK 

mixtures were then incubated at 37 °C for 24 hours with shaking. After 24 hour 

incubation at 37 °C the samples were combined 50:50 with 2X sample buffer, 

heated at 100 °C for 10 minutes, and then loaded into gels for SDS-PAGE 

 

2.8. 96-well Immunoassay 

The 96-well immunoassay was performed as described previously 

(Kramer and Bartz, 2009). The 96-well plates (Millipore, Billerica, MA) used were 

backed with PVDF membranes. The membranes were activated by adding 200 µl 

of methanol to each well and then removing the methanol after 30 seconds. 

TTBS (200 µl) was added to each well and pipetted up and down five times to 

wash the wells.  The TTBS was removed and fresh TTBS (200 µl ) was added 

and the washing process was repeated three times for each well. Fresh TTBS 

(200 µl) was added to the wells after the third wash and the plate was centrifuged 

at 470 x g for 30 seconds using a Thermo IEC Centra GP8R centrifuge with 

swinging rotors. This pushed the TTBS through the membranes at the bottom of 

the plate where it was collected in a non-membrane backed 96 well catch plate. 

Fresh TTBS (200 µl) was added to the wells and the plate was again centrifuged 

at 470 x g for 30 seconds and the TTBS discarded. DPBS was added to the wells 

(volume varied depending on the experiment). Samples to be analyzed were 
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adjusted to 200 µL with DPBS. The plate was then centrifuged at 470 x g for 30 

seconds. If not all of the DPBS was flowed through the membrane due to 

clogging of membrane with sample fresh DPBS was added and the plate was 

centrifuged at 470 x g for 60 seconds. Endogenous peroxidases were blocked by 

adding 200 µl of 0.3% (v/v) H2O2 solution (Sigma-Aldrich) in methanol to each 

well and incubating at room temperature for 20 minutes. The plate was then 

centrifuged at 470 x g for 30 seconds and the H2O2 solution in methanol in the 

catch plate discarded. The plate was washed twice by adding TTBS (200 µl) to 

the wells and centrifuging the plate at 470 x g for 30 seconds. Proteins bound to 

the PVDF membrane were denatured by adding 200 µl of 3 M guanidinium 

thiocyanate in H20 and incubating the plate at room temperature for 10 minutes. 

The guanidinium thiocyanate was then removed via pipette and the plate was 

washed the same as following incubation with methanol described above. 

Blocking grade blocker (Bio-Rad, Hercules CA) in TTBS (5% w/v) was added to 

each well (200 µl) to block non-specific antibody binding, and the plate was 

incubated at 37 ºC for 30 minutes with shaking or overnight at 4 ºC. The blocker 

was removed and 100 µl of 3F4 antibody diluted in 5 % w/v blocker (1:10,000 

dilution of antibody) was added to each well. The plate was incubated at 37ºC for 

1 hour with shaking. The primary antibody solution was removed and the wells 

were washed as described above following incubation with methanol. Secondary 

antibody goat anti-mouse IgG HRP-conjugated antibody (Thermo Scientific, 

Waltham, MA) was diluted 1:80,000 in 5% w/v blotting grade blocker and 100 µl 

of the secondary antibody solution was added to each well. The plate was 
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incubated at 37ºC for 30 minutes with shaking, and then the secondary antibody 

solution removed. The wells were washed as described above following 

incubation with methanol. Pierce Supersignal West Femto Sensitivity Substrate 

(Rockford, IL) (100 µl) was added to each well, and the plate was centrifuged at 

470 x g for 30 seconds and then imaged on a Kodak 4000R imaging station 

(Kodak, Rochester, NY). The quantification of PrPSc abundance and the 

comparison of PrPSc abundance between samples were performed using Kodak 

Molecular Imaging Software v.5.0.1.27 (New Haven, CT). 

 

2.9. Guanidine Hydrochloride Conformational Stability Assay 

The guanidine HCl conformational stability assay was carried out by 

combining 1% w/v brain homogenates 1:4 with various concentrations of 

guanidine HCl (0.5, 1.0, 1.5, 2.0, 2.5, 3.0. 3.5, 4.0, 4.5, 5.0, 5.5 M) or DPBS (0 

guanidine HCl) to a final concentration of 0.25% w/v homogenate and 0.38, 0.75, 

1.13, 1.5, 1.88, 2.25, 2.63, 3.0, 3.38, 3.74, 4.13, and 0 M guanidine HCl 

respectively. The samples were then incubated at 21 °C for 1 hour. The 

concentration of guanidine HCl was then adjusted to 0.5M for each of the 

samples, and the guanidine HCl treated samples were added to wells of a PVDF 

membrane backed 96 well plate activated as described in section 2.8. The plate 

was spun at 2, 380 x g, followed by the addition of 150 µL to each well that was 

then spun through at 2, 380 x g. The plate was dried at 21°C for 1 hour. We 

added 100 µL of 0.25 U/ mL PK to each well following the drying step and the 

plate was incubated for 1 hour at 37 °C. The PK was removed and 150 µL of 
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phenylmethylsulfonyl fluoride (2mM) was added to each well and the plate was 

incubated for 20 minutes at 21°C followed by a 470 x g spin. We then added 150 

µL of TTBS to each well and the plate was spun at 470 x g. A solution of 0.3% 

(v/v) H2O2 in methanol (150 µL) was then added to each well and the plate was 

incubated for 20 minutes at 21°C followed by a 470 x g spin. All subsequent 

steps were the same as described for the 96 well immunoassay (section 2.8) with 

the exception of using 150 µL of the solutions rather than 200 µL.  

 

2.10. SDS Conformational Stability Assay 

The conformational stability of PrPSc following incubation with SDS was 

determined as described previously described (Ayers et al., 2011) with 

modifications.  Three aliquots of each brain homogenate were combined with 

various concentrations of SDS (0.02, 0.03, 0.04, 0.5 g/mL) to a final 

concentration of 7.5% w/v homogenate and 0.5, 0.75, 1.0, 1.25% w/v SDS 

respectively. Three aliquots of each brain homogenate were also combined with 

DPBS to a final concentration of 7.5% w/v homogenate and 0% w/v SDS to serve 

as controls. The mixtures were then incubated at 70°C for 10 minutes.  

Proteinase K (Roche Diagnostics) was added to the samples (final concentration 

1.0 U/ mL) and followed by incubation at 37° C for 15 minutes with shaking.  The 

final volume of the samples was brought to 200 µL using DPBS and the samples 

were analyzed for PrPSc content by 96 well immunoassay as described in section 

2.8 using the monoclonal anti-PrP antibody 3F4 (1:10,000; Chemicon; Temecula, 

CA). The relative starting concentration of brain homogenate in each well was 
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375 µg brain equivalents (µg eq). Samples were standardized by dividing the 

amount of PK resistant PrPSc in the 1% (w/v) SDS group by the amount of PK 

resistant PrPSc in the 0% (w/v) SDS group (i.e. untreated) resulting in the relative 

percentage of 1% (w/v) SDS PK resistant PrPSc compared to the total (0% (w/v) 

SDS) PK resistant PrPSc.  To further standardize we adjusted the relative 

percentage of 1% (w/v) SDS PK resistant PrPSc for the HY TME control sample 

to 100% and adjusted the remaining sample values to the relative percentage of 

this control.  The background was set to the resulting signal intensity of DPBS 

loaded into the wells in place of the brain homogenate.  

The SDS conformational stability assay was also performed using 125 µg eq 

relative starting concentration rather than 375 µg eq. This lower concentration of 

homogenate was closer to the linear range of detection for the 96 well 

immunoassay. For the 125 µg eq experiment rather than generating 3 separate 

mixtures of homogenate and SDS we generated one large replicate of 

homogenate combined with SDS and later PK. Following PK digestion we then 

removed 3 separate aliquots from this starting replicate and loaded each aliquot 

into a separate well on a PVDF membrane backed 96 well plate. This was done 

to minimize the variation between replicates. The PK conditions were modified to 

a final concentration of 2 U/mL for 30 minutes to help eliminate background 

signal intensity. The background was set to the resulting signal intensity of a 1% 

w/v SDS treated uninfected homogenate rather than DPBS alone.  

 

2.11. RNase Digestion of Brain Homogenate 
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RNase (DNase-free, Roche) was added to uninfected hamster brain 

homogenate (10% w/v) to a final concentration of 1.5 U/mL. The resulting mixture 

was then incubated for 30-60 minutes at 37 °C. Mock RNase digestion was done 

in parallel by adding an equivalent volume of UltraPure™ DNase/RNase-Free 

Distilled Water (Gibco) to uninfected hamster brain homogenate (10% w/v) in 

place of RNase.   

 

2.12. Protein Misfolding Cyclic Amplification 

Uninfected brain homogenates (10% w/v in conversion buffer) were used 

as the source of PrPC
 (substrate) in PMCA. For the majority of the PMCA 

reactions the substrate was uninfected hamster brain homogenate. The PMCA 

substrate was combined with infected hamster brain homogenates in DPBS that 

served as the source of PrPSc (seed). The starting concentration of PMCA seed 

in the substrate/seed mixture varied per experiment. Between 100 and 120 µL of 

the combined PMCA substrate and seed mixture was placed in a polypropylene 

polymerase chain reaction (PCR) tube. For each substrate/seed mixture there 

were 2-4 PCR tubes and each tube was considered a separate biological 

replicate. The PCR tubes were then placed in a tube holder on top of a 

microplate horn assembly attached to an automated sonicator. The microplate 

horn assembly had water from a 37 °C water bath running through it to kept the 

tubes at physiological temperature. A separate aliquot of the substrate/seed 

mixture was frozen at -80 °C and represented the initial concentration of the 

PMCA seed. The samples in the sonicator were then subjected to one round of 
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PMCA, which consisted of 144 cycles of 5 seconds of sonication followed by 10 

minutes without sonication (incubation at 37 °C alone). The average output of the 

sonicator was between 156-170 watts depending on which sonicator model was 

used (Misonix 3000, Misonix 4000, QSonica Q700). The round 1 material was 

then diluted into fresh PMCA substrate (10% w/v uninfected hamster brain 

homogenate in conversion buffer) and the PMCA process was repeated for a 

second round. For each round of PMCA a substrate only sample was included as 

a negative control. PMCA amplification was calculated by dividing the signal 

intensity of the PMCA treated sample (PMCA +) by the intensity of aliquot of 

starting material that had been frozen at -80 °C (PMCA -).  

 

2.13. Reconstitution of Synthetic RNA 

Synthetic poly(A) RNA (polyadenylic acid potassium salt, Sigma-Aldrich, 

100 mg) was reconstituted in 15 mL tris EDTA (TE) buffer at pH 8.0. The final 

concentration of synthetic RNA was measured using a NanoDrop 2000 

spectrophotometer (Thermo Scientific). 

 

2.14. Addition of RNA to PMCA Substrate 

For experiments to test addition of synthetic RNA to RNase-digested 

uninfected at various concentrations RNA was added to the RNase-digested 

substrate to the concentrations of 0.5, 1.0, 1.5, and 2.0 µg/µL first prior to 

addition of PrPSc seed.  
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2.15. PMCA Strain Interference 

The PMCA interference protocol was adapted from the one described in 

Shikiya et al. 2010. Interference conditions were modeled by combining PMCA 

substrate (10% w/v in conversion buffer) with 10% w/v DY TME brain 

homogenate in DPBS and 1% w/v or 0.1% w/v HY TME brain homogenate in 

DPBS. We had two different experimental conditions when testing the addition of 

synthetic RNA to PMCA. The starting concentrations of DY and HY TME brain 

homogenate for the first experimental conditions were 500 microgram brain 

equivalents (µg eq) DY TME/ 50 µg eq HY TME and 500 µg eq DY TME/ 5 µg eq 

HY TME. Non-interference controls included PMCA substrate combined with 500 

µg eq DY TME alone, PMCA substrate with 500 µg eq of HY TME alone, and 

PMCA substrate with no infectious seed added. The round 1 starting 

concentrations for the second experimental conditions were 428 µg eq DY TME 

and 4.28 µg eq HY TME. Non-interference controls included PMCA substrate 

combined with 428 µg eq DY TME alone, PMCA substrate with 4.28 µg eq of HY 

TME alone, and PMCA substrate with no infectious seed added. The starting 

concentration of DY and HY TME for the PMCA strain interference supplemented 

with rabbit kidney epithelial (RK13) cells was 500 µg eq DY TME/ 5 µg eq HY 

TME. Non-interference controls included PMCA substrate combined with 500 µg 

eq DY TME alone, PMCA substrate with 5 µg eq of HY TME alone, and PMCA 

substrate with no infectious seed added. For all of the strain interference 

experiments there were 3-4 sample tubes per condition of 100-120 µL of the 

seed/substrate placed in a 37 °C on top of an automated sonicator and subjected 



	  

	   56	  

to one round of PMCA as described above. There was also an aliquot of each 

mixture that was not subjected to PMCA and was frozen at -80°C.   

The PMCA substrate varied for each experiment. For PMCA interference to 

look at the effect of supplementation with synthetic poly(A) RNA the PMCA 

substrates used were uninfected hamster brain homogenate (10% w/v in 

conversion buffer) with synthetic poly(A) RNA and uninfected hamster brain 

homogenate with an equivalent volume of TE buffer added as a control. For 

interference experiments supplementing with RK13 cell lysate the substrates 

were uninfected hamster brain homogenate (10% w/v in conversion buffer) 

combined with cell lysate pellets and centrifuged at 470 x g for 30 seconds and 

uninfected hamster brain homogenate with no RK13 cell pellets added that was 

centrifuged at 470 x g as a control. The first round PMCA samples were diluted 

ten-fold (1:10) in fresh PMCA substrate for the second round of PMCA. For 

rounds three through four the previous round was diluted 1:2 with fresh PMCA 

substrate to generate the starting material. Samples were subjected to Western 

blot analysis after PMCA and it was determined if the amplified PrPSc migrated 

like HY or DY TME.  

 

2.16. Addition of RNA to PMCA Strain Interference Substrate 

We carried out two PMCA strain interference experiments supplemented with 

synthetic RNA. For the first experiment synthetic poly(A) RNA (polyadenylic acid 

potassium salt, Sigma-Aldrich) in TE buffer was added to the PMCA substrate 

(uninfected hamster brain homogenate 10 % w/v in conversion buffer) to a final 
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concentration of 2 µg/µL. Mock RNA supplemented homogenate was generated 

by adding an equivalent volume of TE buffer in place of the synthetic RNA. 

Drowsy TME and HY TME were combined with both the RNA supplemented and 

the mock RNA supplemented homogenates to the following final concentrations 

for the first round of strain interference PMCA: 1) 500 µg eq DY TME/ 50 µg eq 

HY TME and 2) 500 µg eq DY TME/ 5 µg eq HY TME. For each DY/HY TME 

concentration and for each PMCA substrate condition there were three replicates 

generated. Controls for this experiment included 500 µg eq DY TME in 

uninfected brain homogenate , 500 µg eq HY TME in uninfected brain 

homogenate, and uninfected brain homogenate alone. An aliquot of the round 1 

material was passaged 1:10 into fresh uninfected hamster substrate 

supplemented with either 2 µg/µL synthetic RNA or TE buffer for round 2 of this 

experiment. For rounds 3-4 of PMCA strain interference an aliquot of the 

previous rounds was passaged 1:2 into fresh uninfected hamster substrate 

supplemented with either 2 µg/µL synthetic RNA or TE buffer. The inter-round 

passages led to dilution of the synthetic RNA to 1.8 µg/µL for round 2 and 1.0 

µg/µL for rounds 3-4 due to the starting concentration of the fresh PMCA 

substrate being 2 µg/µL synthetic RNA 

For the second RNA supplemented PMCA interference experiment  the 

concentration of synthetic RNA at the start of each round a constant at 2 µg/µL 

by accounting for the inter-round dilution and adding additional synthetic RNA to 

the uninfected hamster brain homogenate. In round 1 interference PMCA with 

RNA added, synthetic poly(A) RNA (polyadenylic acid potassium salt, Sigma-
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Aldrich) in TE buffer was added to the PMCA substrate (uninfected hamster brain 

homogenate 10 % w/v in conversion buffer) and PrPSc seed mixtures to a final 

concentration of 2 µg/µL. In round 2 the synthetic RNA was added to the PMCA 

substrate to a concentration of 2.22 µg/µL and diluted to a final concentration of 2 

µg/µL when the round 1 material was combined 1:10 with this substrate. In 

rounds 3-5 synthetic RNA was added to the PMCA substrate to a concentration 

of 4.0 µg/µL and diluted to a final concentration of 2 µg/µL when the previous 

round was combined 1:2 with the substrate. An equivalent volume of TE buffer 

with no RNA was added to uninfected hamster brain homogenate for all 5 rounds 

in order to account for changes in PMCA due to the additional volume of the RNA 

in TE buffer.  

 

2.17. Culture and Collection of RK13-L42 Cells and RK13 Empty Vector Cells 

Rabbit Kidney 13 epithelial (RK13) cells that did not express endogenous 

PrPC but were transfected to express Syrian hamster PrPC (RK13SHaPrP) or 

were transfected with an empty plasmid and did not express PrPC (RK13vector) 

were obtained from the laboratory of Dr. Glenn Telling (Colorado State University, 

Fort Collins, CO). The cells were transfected as previously described (Courageot 

et al., 2008). The cells were grown in Dulbecco’s Modified Eagle’s Medium (4 

mM L-glutamine, 4500 mg/L glucose, 1 mM sodium pyruvate, and 1500 mg/L 

sodium bicarbonate) (American Type Culture Collection (ATCC), Manassas, VA) 

with 10% Fetal Bovine Serum (ATCC, Manassas, VA) and 1% penicillin-

streptomycin (ATCC, Manassas, VA).  The media also contained 1µg/mL 
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puromycin to select for stable transfectants. Cells were grown in 25cm2 or 75cm2 

tissue culture treated flasks with either phenolic or vented caps in a 37° C 5% 

CO2 incubator. Cells were grown until confluent (Day 1 confluence) and the old 

media was replaced with fresh media. Cells were allowed to grow for 2-3 more 

days (day 3 or 4 confluence respectively) and then were collected.  

To collect the RK13 cells media was removed from day 3 or day 4 

confluent cell culture flasks. Cells were washed twice with DPBS (5 mL DPBS 

per wash for 25 cm2 flasks, 15 mL DPBS for 75 cm2 flasks). Cells were released 

from the bottom of flasks by adding DPBS (1 mL DPBS for 25 cm2 flask, 3 mL for 

75 cm2) to the flask and scraping cells with cell scraper. The cell/DPBS 

suspension was then centrifuged at 1,000 x g for 5 minutes and the supernatant 

removed. Fresh DPBS (5 mL DPBS for 25 cm2 flasks, 15 mL DPBS for 75 cm2 

flasks) was added to wash the cells and the cells were briefly vortexed prior to a 

second centrifugation at 1,000 x g for 5 min. The supernatant was again removed 

and the pelleted cells were frozen at -80 ° C until use for Western blot analysis 

for for PMCA.  

 

2.18. Use of RK13 Cell Lysate as Substrate in PMCA 

Cell pellets collected as described in 2.17 were combined with PMCA 

conversion buffer (phosphate-buffered saline [pH 7.4] containing 5 mM EDTA, 

1% [vol/vol] Triton X-100, and Complete protease inhibitor tablet [Roche 

Diagnostics, Mannheim, Germany) to generate cell lysate to use as PMCA 

substrate . Cells from one 25cm2 flask of cells were suspended in 100 µL of 
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conversion buffer. The cell/conversion buffer mixture was then homogenized with 

a 28.5 gauge needle and centrifuged at 470 x g for 30 seconds. The supernatant 

was removed and used for PMCA. Uninfected hamster brain homogenate (10% 

w/v in conversion buffer) was substituted in place of conversion buffer for the 

PMCA strain interference experiments with 100 µL of 10% w/v uninfected 

hamster brain homogenate per 25cm2 flask of cells. The concentration of cells 

per µL of buffer was determined using a hemacytometer.  

 

2.19. Statistics 

Two- tailed Student’s t tests were carried out using Prism 4 software 

program (GraphPad Software Inc., San Diego CA). A value is considered 

statistically significant if the p value is less than or equal to 0.05.  

 

2.20. TRIzol Extraction of Total RNA from Brain Homogenate 

 Brain homogenate was combined 1:4 with TRIzol LS Reagent 

(Invitrogen, Calrsbad, CA) and vortexed to mix. The sample was the incubated 

for 5 minutes at 21°C followed by the addition of chloroform (200 µL per 750 µL 

TRIzol LS) and shaking of the sample for 15 minutes. Samples were incubated 

again at 21°C for 3 minutes followed by centrifugation for 15 minutes at 12,000 

rotations per minute at 10 °C. The upper aqueous phase was then transferred 

into a new tube and the RNA was precipitated with isopropyl alcohol (500 µL per 

750 µL TRIzol LS). The samples were then incubated for 10 minutes at 21°C 

followed by centrifugation for 10 minutes at 12,000 rotations per minute at 10 °C. 
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The supernatant was removed and the RNA was washed adding 70% ethanol 

(1,000 µL per 750 µL TRIzol LS) and centrifuging the samples for 5 minutes at 

7,500 rotations per minute at 10 °C. The supernatant was removed and the 

pellets were air dried for 5-10 minutes prior to dissolving the RNA pellet in 

DNase-RNase free water. 

 

2.21. BCA Protein Assay 

 The total protein present in brain homogenates and cell lysates was 

determined using the microplate procedure of the Pierce™ BCA Protein Assay 

Kit (Thermo Scientific, Rockford, IL). Bovine serum albumin was diluted in PMCA 

conversion buffer to the following concentrations to develop a standard curve: 

2,000, 1,500, 1,000, 750, 500, 250, 125, 25 µg/mL. Uninfected hamster brain 

homogenate (10% w/v) and RK13 cells in PMCA conversion buffer (one t25 flask 

per 100 µL buffer) were diluted 1:10 in PMCA conversion buffer. Ten µL of each 

bovine serum albumin concentration and of the uninfected brain homogenate and 

the RK13 cell lysate sample was added in triplicate to a 96 well clear bottom 

microplate followed by the additon of 200 µL of working reagent from the kit. The 

microplate was then incubated at 37 °C for 30 minutes. The absorbance of the 

bovine serum albumin standards and the experimental samples was then 

determined at 562 nm using a spectrophotometer. A standard curve was 

generated using the absorbance values for the bovine serum albumin standards, 

and the equation from the best fit line for the standard curve was used to 

calculate the total protein concentration for the brain homogenate and cell lysate.  
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CHAPTER 3: PRION STRAIN INTERFERENCE WITH AN ALTERNATE 

BLOCKING STRAIN 

 

3.1. Background 

 Prion strain interference has been demonstrated using multiple routes of 

inoculation and in various species of animals, indicating that strain interference 

may be a common property of prion strains. Strain interference has been 

demonstrated extensively in hamsters utilizing the long incubation period strain 

DY TME as the blocking strain. DY TME is able to interfere with the short 

incubation period hamster strain HY TME following i.c. co-infection (Bartz et al., 

2000) and following superinfection of via sciatic nerve inoculation (Bartz et al., 

2007),  intraperitoneal inoculation (Bartz et al., 2004), and per os inoculation 

(Okada et al., 2016; Schutt and Bartz, 2008). DY TME is also able to interfere 

with the short incubation period strains 263K and HaCWD via the sciatic nerve 

route of inoculation (Schutt and Bartz, 2008). To determine if other long 

incubation period strains are capable of serving as blocking strains in hamster 

prion interference, we investigated the capacity of long incubation period strain 

139H to extend or block the emergence of HY TME. 

 The sciatic nerve serves as an excellent route for strain interference 

inoculation because it targets PrPSc directly into the CNS. Sciatic nerve 

inoculation retrogradely transports both DY and HY PrPSc to VMNs of the lumbar 

spinal cord, and from there the PrPSc of both these strains travels to the brain 

and brainstem via the same four descending motor tracts (Ayers et al., 2008). 
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Inoculation of the right sciatic nerve with DY TME followed by inoculation of the 

right sciatic nerve with HY TME either 90 or 120 days later led to strain 

interference (Bartz et al., 2007). The 90 day interval between inoculations led to 

an extension of the incubation period of HY TME, and the 120 day interval 

completely blocked the emergence of HY (Bartz et al., 2007; Dickinson et al., 

1972). Inoculation of DY TME followed by inoculation with HY TME either 30 or 

60 days later did not produce any strain interference effect (Bartz et al., 2000; 

2004). When DY TME is inoculated into the sciatic nerve alone, DY PrPSc it is not 

detectable in the spinal cord at 60 days post-infection (p.i.). Ninety days after 

sciatic nerve inoculation DY PrPSc is detected C5-C7 and T10-T13 (Bartz et al., 

2007), and 120 days p.i. DY PrPSc abundance is increased in the spinal cord 

compared to 90 days p.i. (Ayers et al., 2011).  These results suggest that the 

success of DY TME as a blocking strain is likely relative to the level of PrPSc 

present in the CNS. It is hypothesized that the blocking strain needs to replicate 

in the same population of cells as the short incubation period strain in order for 

strain interference to occur. This hypothesis is supported by the lack of 

observable strain interference when DY TME is inoculated into the right sciatic 

nerve followed by inoculation of HY TME into the left sciatic nerve (Bartz et al., 

2007). Under these conditions, DY PrPSc and HY PrPSc are not targeted to the 

same population of neurons.  

In order to investigate if 139H could serve as a blocking strain and 

interfere with the emergence of HY TME we first needed to determine if 139H is 

retrogradely transported along the same 4 descending motor tracts as HY TME 
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following sciatic nerve inoculation. Next, we needed to investigate if 139H could 

extend the incubation period of HY TME or completely block its emergence. 

 

3.2. Results 

3.2.A. Transport of 139H PrPSc following sciatic nerve inoculation 

 To determine if 139H PrPSc travels to the same population of neurons as 

HY PrPSc, we investigated the temporal and spatial spread of 139H PrPSc 

following sciatic nerve inoculation. The sciatic nerves of 15 hamsters were 

inoculated with 139H via 2 µL of a 1% w/v 139H brain homogenate as described 

in section 2.1. Three hamsters were euthanized at 25, 50, 75, and 100 days p.i. 

and their brains, brainstems, and spinal cords were collected and fixed in PLP as 

described in section 2.2. Previous DY and HY TME sciatic nerve inoculation 

experiments (Bartz et al., 2007) utilized 30, 60, 90, and 120 day intervals 

between inoculations, and these intervals were adjusted to 25, 50, 75, and 100 

based upon the observation that 139H has and incubation period approximately 

30 days shorter than DY TME (Ayers et al., 2011). Three animals were allowed 

to reach the clinical stage of 139H, which was characterized by ataxia and weight 

gain, prior to euthanasia and the collection and fixation of their tissues. As 

negative controls, hamsters were mock inoculated via the sciatic nerve with 

uninfected homogenate and euthanized at the same time points as the 139H 

infected animals. The brains, brainstems, and spinal cords of the mock-

inoculated animals were also collected and fixed in PLP.  Following fixation, the 

collected tissue was prepared for IHC and probed for PrPSc using the monoclonal 
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antibody 3F4 as described in section 2.3. Adjacent tissue sections of the mock 

inoculated animals were also stained for Nissl substance or with haematoxylin 

and eosin in order to demonstrate the location of neurons in the tissue sections. 

PrPSc immunoreactivity was not detected in the CNS at 25 days p.i. (Table 

3.1). At 50 days p.i., PrPSc immunoreactivity was localized to lamina IX of the 

lumbar spinal cord ipsilateral to the side of sciatic nerve inoculation in 2 out of 3 

infected animals (Table 3.1, Figure 3.1 panel O). Immunoreactivity of PrPSc was 

also detected at 50 days p.i. in one of three animals in the magnocellular aspect 

of the red nuclease contralateral to the side of inoculation (Table 3.1, Figure 3.1 

panel F). At 75 days p.i., PrPSc was detected in all of the structures analyzed 

except for the ventroposterior thalamic nucleus (Table 3.1, Figure 3.1 panels C, I, 

L). PrPSc immunoreactivity was detected bilaterally in the spinal cord and red 

nucleus of all 3 animals at 75 days p.i. (Table 3.1). The ventroposterior nucleus 

became positive for PrPSc at 100 days p.i. (Table 3.1), and the immunoreactivity 

of PrPSc in the other structures analyzed had increased in intensity (Table 3.1).  

By the clinical stage of 139H infection, PrPSc immunoreactivity was moderate to 

heavy in all of the structures analyzed. Hamsters that were inoculated with 

uninfected brain homogenate as mock controls did not have PrPSc 

immunoreactivity in any of the CNS structures at any time point p.i. (Figure 3.1 

panels B,E,H,K and N). Together these results indicate that 139H can be 

retrogradely transported along the same 4 descending motor tracts as HY TME.  



	  

	   66	  

 

Table 3.1. Temporal and spatial spread of PrPSc in the CNS of hamsters 
infected in the sciatic nerve with the 139H strain of hamster-adapted scrapie. 

	  

PrPSc immunoreactivity at indicated no. of 
days post-infectiona Central nervous system region 

25 50 75 100 Clinical 
Spinal cord      
    L2-L4 — +b ++c +++ +++ 
Medulla - Pons      
    Reticular formation — — + ++ ++++ 
    Lateral vestibular nucleus — — + ++ +++ 
Cerebellum      
    Interposed nucleus — — + ++ +++ 
Mesencephalon      
    Red nucleus — +d,e +d +++ ++++ 
Diencephalon      
    Reticular thalamic nucleus — — +b ++ +++ 
    Ventroposterior thalamic 
nucleus  

— — — ++ +++ 

Telencephalon      
    Hindlimb cortex — — + ++ +++ 
	  

a Relative intensities of PrPSc immunoreactivity: — , none; +, rare; ++ 
weak; +++, moderate; ++++, heavy.  

b PrPSc immunoreactivity ipsilateral to side of inoculation in 2 of 3 
animals. 
c PrPSc immunoreactivity is bilateral. 
d PrPSc immunoreactivity is contralateral to the side of inoculation. 
e PrPSc immunoreactivity in 1 of 3 animals. 
Table from Langenfeld et al., 2016. 
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Figure 3.1. Distribution of PrPSc in spinal cord, brain stem and brain of 
hamsters infected in the sciatic nerve with the 139H agent. Nissl staining (A) 
and PrPSc immunostaining (B,C) of the contralateral hind limb motor cortex 
from mock infected (B) or 139H infected (C) hamsters at 75 days p.i.. Nissl 
staining (D) of the mesencephalon containing the red nuclei (dashed outline). 
PrPSc immunoreactivity was detected in the ventrolateral portion of the 
contralateral red nucleus as 75 days p.i. (F) but was not detected in mock 
infected animals (E). Hematoxylin and eosin (H&E) staining (G) of the pons 
ipsilateral to the side of inoculation that contains the lateral vestibular nucleus. 
At 100 days p.i., PrPSc immunoreactivity is detected in the 139H infected 
tissue (I) but is not detected in mock infected animals (H). H&E stained section 
of the pons (J) containing the reticular formation contains PrPSc 
immunoreactivity in 139H infected (L) but not in mock (K) infected hamsters. 
Nissl stained section of lumbar spinal cord (M) that contains ventral motor 
neurons (VMNs) whose axons are contained in the sciatic nerve. PrPSc 
immunoreactivity of lumbar spinal cord from uninfected animals failed to detect 
PrPSc (N), while in 139H infected hamsters at 50 days p.i. PrPSc deposits were 
associated with VMNs ipsilateral to the side of inoculation (O). Scale bar, 200 
µm in main panels and 100 µm in insets. Figure from Langenfeld et al., 2016. 
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3.2.B. 139H and HY TME strain interference 

To investigate the capacity of 139H to serve as a blocking strain, hamsters 

were intrasciatically inoculated with 139H infected brain homogenate 25, 50, or 

75 days prior to inoculation with HY TME infected brain homogenate. There were 

5 animals per inoculated per interval.  These intervals between inoculations were 

chosen based upon the results in section 3.2.A. and in relation to the previous 

DY TME and HY TME sciatic nerve strain interference experiments that utilized 

60, 90, and 120 intervals between inoculations (Bartz et al, 2007).  In previous 

DY TME experiments DY PrPSc was not detected in the spinal cord at 60 days p.i. 

following sciatic nerve inoculation (Bartz et al, 2007), and we discuss in section 

3.2.A. that there was no 139H PrPSc detected in the spinal cord at 25 days p.i. 

(Table 3.1). This led to the selection of 25 days as our first interval between 

inoculations. DY PrPSc was first detected 90 days p.i. in the spinal cord  following 

sciatic nerve inoculation (Bartz et al, 2007), and we first detected 139H PrPSc in 

the spinal cord at 50 days p.i. (Table 3.1), leading to the selection of 50 days as 

the second interval between inoculations. We chose 75 days as the last interval 

between inoculations because 139H PrPSc was more abundant in the spinal cord 

and is detected throughout the CNS, similar to what is observed with DY PrPSc 

90 days p.i. (Bartz et al, 2007; Ayers et al., 2008). We also inoculated 139H and 

HY TME control animals (n = 5) as described in section 2.4. Animals were 

observed for onset of clinical signs and the incubation period was calculated. 

Clinical animals were then euthanized and their brains and brainstems collected. 

Half of the brain and brainstem were homogenized in DPBS and half was fixed in 
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PLP for the 25 and 75 day interval groups as described in section 2.2. Three 

brains were homogenized in DPBS and 2 brains were fixed in PLP for the 50 day 

interval group. 

The HY TME positive control animals all had incubation periods (82 ±3 

days p.i.) and clinical signs (hyperexcitability and ataxia) consistent with HY TME 

infection (Table 3.2). All of the animals in the 139H positive control group had 

139H clinical signs (ataxia and weight gain) and incubation period (188 ±3  days 

p.i.) (Table 3.2). In the 25 day interval group, all 5 hamsters developed HY TME 

clinical signs (hyperexcitabiity and ataxia) and had an average incubation period 

of 78± 3 that were not significantly different (p > 0.05) from the HY TME controls 

(Table 3.2). Similar to the 25 day interval group, all 5 animals in the 50 day 

interval group had HY TME clinical signs (Table 3.2) and an average incubation 

period consistent with the HY TME controls (p > 0.05) (Table 3.2).  

Interestingly, 4 out of the 5 animals in the 75 day interval group had 

clinical signs consistent with 139H infection (ataxia and weight gain) and had an 

average incubation period of 188 ± 3 days p.i., which was similar the 139H 

controls (p < 0.05) (Table 3.2). These results indicated that 139H was able to 

block the emergence of HY TME in these animals. The remaining animal in the 

75 day interval group had HY TME clinical signs and incubation period (Table 

3.2). The brain homogenates of all of the animals were analyzed via Western blot 

analysis as described in section 2.6, and it was determined that the brains all 

contained PrPSc (Figure 3.2), confirming that all of the animals had prion disease.  
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Table 3.2. Incubation periods and clinical signs of hamsters inoculated 
with the 139H strain prior to superinfection with the HY TME agent.	  

    Onset of clinical 
symptoms 

First 
Inoculation 

Interval 
between 

Inoculations 
Second 

Inoculation 
Clinical 
Signs PrP-res A/Ia 

After 1st 
Inoculation 

After 2nd 
Inoculation 

Mock 50 days HY TME HY 
TME 

HY 5/5 n.a 82±3b 

        
        

139H 25 days HY TME HY 
TME 

HY 5/5 112±3 78±3c 

        
        

139H 50 days HY TME HY 
TME 

HY/139H 5/5 137±6 87±6c 

        
        

139H 75 days HY TME HY 
TME 

HY 1/5 162 87 

139H 75 days HY TME 139H 139H 4/5 188±3d 113±3 

        
        

139H 50 days Mock 139H 139H 5/5 188±3 n.a. 

 

a Number affected / number inoculated.  
b Average days p.i. ± standard deviation.  
c Incubation period similar compared to control animals inoculated with the HY 
TME agent alone (p>0.05).  
d Incubation period similar compared to control animals inoculated with the 
139H agent alone (p>0.05).  
n.a. – not applicable.  
Table from Langenfeld et al., 2016. 
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Figure 3.2. Western blot detection of PrPSc from HY TME and 139H co-
infected hamsters. Brain homogenate from hamsters infected with either the 
HY, 139H or DY TME strains at terminal disease were digested with 
proteinase K and the unglycosylated PrPSc polypeptide migrates at 21 kDa for 
the HY and 139H strains and 19 kDa for the DY strain. In animals first infected 
with 139H followed by superinfection with HY at 25, 50 or 75 days post 139H 
infection, PrPSc was detected in brain of all animals. Due to the similar PrPSc 
Western blot properties between HY and 139H, it is not possible to determine 
which strain caused disease. The 19 and 21 kDa unglycoslyated PrPSc 
polypeptides is indicated at the left of the panel. n.a. – not applicable. Figure 
from Langenfeld et al., 2016. 
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3.3. Discussion 
 
 The data presented in 3.2.A. characterized the spread of 139H PrPSc 

through the CNS following sciatic nerve inoculation. The first site of PrPSc 

deposition following 139H inoculation was the lumbar spinal cord vertebral 

sections L2-L4 (Figure 3.1, Table 3.1) specifically in lamina IX which is 

associated with VNMs. This is consistent with the initial site of PrPSc deposition in 

hamsters inoculated with HY and DY TME (Ayers et al., 2008).  PrPSc was later 

detected in structures of the brainstem and brain (Figure 3.1, Table 3.1) in a 

pattern of spread consistent with retrograde transport along 4 descending motor 

pathways: the reticulospinal, vestibulospinal, rubrospinal and corticospinal tracks. 

These pathways are also used by HY and DY PrPSc for retrograde spread 

following sciatic nerve inoculation (Ayers et al., 2008; Bartz et al., 2002) and the 

PrPSc from all three strains is show to deposit in the same structures within the 

CNS (Ayers et al., 2008). The transport of 139H PrPSc along the same motor 

tracts and to the same CNS regions as HY PrPSc made 139H a good candidate 

for a blocking strain in prion strain interference.  

Transynaptic neuronal transport of PrPSc is likely a common property of 

prion strains following neuroinvasion. Sciatic nerve inoculation leads to neuronal 

spread of prions not only in hamsters (Ayers et al., 2008; Bartz et al., 2002) but 

also in rats and mice (Bassant et al., 1986; Kimberlin et al., 1983). Other routes 

of inoculation have also resulted in neuronal spread of prions along 

neuroanatomical tracts. It has been hypothesized that dental procedures might 

be a route of prion infection, and to investigate this the tooth pulp of hamsters 
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was inoculated with prion strain 263K (Ingrosso et al., 1999). Sensory neurons 

innervate the teeth, with their cells bodies residing in the trigeminal ganglion 

ipsilateral to the site of innervation (Ingrosso et al., 1999).  Detection of PrPSc in 

the trigeminal ganglion ipsilateral to the side of inoculation at 30 days p.i. and a 

lack of PrPSc deposition contralateral to the side of inoculation indicated that the 

route of PrPSc spread was likely the mandibular branch of the trigeminal nerve 

(Ingrosso et al., 1999). Following oral exposure to prion-contaminated material, 

PrPSc can spread to the CNS via neuroinvasion in the gut (McBride and Beekes, 

1999; McBride et al., 2001) or in the muscle tissue of the tongue (Bartz et al., 

2003). It is hypothesized that lesions on the tongue or in the mouth could expose 

nerve endings to prion infection, and to investigate this HY TME was inoculated 

into the tongues of hamsters (Bartz et al., 2003). PrPSc was first detected in the 

brainstem in the hypoglossal nucleus, indicating that spread from the tongue had 

occurred via retrograde axonal transport long the hypoglossal nerve (Bartz et al., 

2003). Detection in the brain at later time points indicated that PrPSc had spread 

via axons that directly projected to the hypoglossal nucleus (Bartz et al., 2003). 

The mode of PrPSc transport across the synaptic cleft from one neuronal cell to 

another is not yet known. Proposed mechanisms of cell-to-cell transport are 

exosomes, tunneling nanotubes, or cell-to-cell contact (Hofmann et al., 2013).  

 The results of the strain interference experiments in section 3.2.B. showed 

that 139H can act as a blocking strain and can interfere with the emergence of 

HY TME. The 139H and HY strain interferences results are similar to our 

previous strain interference studies involving inoculation of the sciatic nerve with 
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HY and DY TME (Bartz et al., 2007). Inoculation of the sciatic nerve with HY 

TME 60 days after an initial inoculation with DY TME does not lead to strain 

interference (Bartz et al., 2007). At 60 days p.i. with DY TME alone, DY PrPSc is 

not detectable in the lumbar spinal cord, indicating that there is no detectable 

blocking strain PrPSc conversion (Bartz et al., 2007). When HY TME is sciatic 

nerve inoculated 90 days after initial inoculation with DY TME, the incubation 

period of HY is extended, indicating strain interference is occurring (Bartz et al., 

2007). When the spinal cord is inoculated with DY TME alone, at 90 days p.i. DY 

PrPSc is detectable in the lumbar spinal cord in segments C5 to C7 and T10 to 

T13, indicating DY PrPSc is converting (Bartz et al., 2007). At 120 days p.i. of the 

sciatic nerve with DY TME, DY PrPSc is detected throughout the entire spinal 

cord and PrPSc abundance is increased in each segment (Bartz et al., 2007). A 

120 interval between DY TME and HY TME inoculation leads to complete 

blockage of HY TME emergence (Bartz et al., 2007). 

 In our current studies, inoculation of HY TME 25 days after 139H 

inoculation did not lead to strain interference. Consistent with the DY TME 

experiments, there was no PrPSc detectable in the spinal cord 25- days after 

inoculation with 139H alone. When the interval between 139H and HY TME was 

extended to 75 days, 139H was able to interfere with the emergence of HY TME 

in 4 out of the 5 animals. These animals had 139H incubation periods and clinical 

signs. The lack of strain interference in the 75 day interval animal with HY TME 

clinical signs was likely due to problems during inoculation or another unknown 

variable rather than an inability for 139H to block HY TME emergence. At 75 



	  

	   76	  

days after inoculation with 139H alone, the spinal cord had moderate PrPSc 

immunoreactivity, which is consistent with the 120 day time point after DY TME 

inoculation having widespread PrPSc in the spinal cord. Interestingly, PrPSc was 

detected in the spinal cord 50 days after inoculation with 139H alone, however 

strain interference did not occur when this interval was used between 139H and 

HY TME inoculations. This is in contrast to the DY TME studies in which DY 

PrPSc was detectable in the spinal cord at 90 days p.i. and a 90 day interval 

between inoculations led to strain interference. However, the strain interference 

effect with the 90 day interval between DY and HY TME was not as robust as the 

effect seen with the 120 day interval, as demonstrated by the emergence of HY 

TME albeit with extended incubation period. This might indicate that there are 

thresholds of blocking strain PrPSc concentration necessary to cause various 

changes in incubation period and clinical signs. It is possible that the 

concentration of DY PrPSc in the spinal cord 90 days after DY TME inoculation 

was high enough to slow down HY PrPSc conversion to the degree that it 

extended the HY TME incubation period but not high enough to prevent HY PrPSc 

from reaching clinical target areas and causing disease. The concentration of DY 

PrPSc at 120 p.i. was higher based upon the more widespread detection in the 

spinal cord, and this concentration was likely high enough to slow HY PrPSc 

conversion to the degree of completely blocking the emergence of HY TME. The 

PrPSc immunoreactivity in the spinal cord 50 days after inoculation with 139H was 

weak, so perhaps the concentration of 139H PrPSc at this time point was not high 

enough to slow the conversion of HY TME to the point of causing a phenotypic 
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change. Both the results of the current study and the past strain interference 

experiments support the hypothesis that conversion of the blocking strain is 

necessary for prion strain interference. 

  The results of our 139H and HY TME interference studies are in contrast 

to a previous study where 139H failed to block or extend the incubation period of 

the short incubation period strain Sc237 (Hecker et al., 1992). The two 

superinfecting strains, HY TME and Sc237, are similar and so the discrepancy is 

not likely due to differences between these two strains. The route of inoculation 

for the previous study was i.c., and the authors hypothesized that 139H and 

Sc237 converted in different populations of cells in the CNS and that this is what 

prevented 139H from acting as a blocking strain (Hecker et al., 1992). Our sciatic 

nerve inoculations direct HY and 139H PrPSc along the same neuroanatomical 

tracts and to the same population of neurons, which supports the hypothesis that 

for strain interference to occur the strains must infect the same population of cells.  
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CHAPTER 4: INCONGRUITY BETWEEN PRION CONVERSION AND 

INCUBATION PERIOD FOLLOWING CO-INFECTION 

 

4.1. Background 

 The incubation period and clinical signs are used to determine the 

predominant strain following strain interference, but it is also important to identify 

the type of PrPSc present in the brains of the affected animals. Following PK 

digestion, DY and HY TME differ in the migration of their unglycosylated bands 

by 2 kDa (Figure 3.2) and previous hamster strain interference experiments took 

advantage of this strain-specific difference in PrPSc migration to determine the 

strain type. Unfortunately, PK digested 139H and HY TME have the same 

migration pattern and glycoform ratio (Figure 3.2), therefore, Western blot 

analysis is not able to distinguish between hamsters infected with 139H or HY 

TME (Figure 3.2). To overcome this, we utilized a different method involving 

confomrational stability to determine the strain type of the PrPSc present in the 

brains of the co-infected animals.   

 

4.2. Results 

4.2.A. Differential degradation of hamster strains via proteinase K digestion 

 As described in the introduction, strains can differ in their PK resistance 

following incubations with high concentrations of PK or incubations for long 

periods of time. We determined the PK resistance of HY TME, 139H, DY TME, 

and uninfected brain homogenate as described in section 2.7. Brain homogenate 
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(5% w/v in conversion buffer) from each of the strains was combined 1:1 with 

various concentrations of PK (final concentrations 100, 200, and 400 µg/mL) or 

with DPBS (0 µg/mL) and incubated at 37 °C for 24 hours. The amount of PK 

resistant PrPSc remaining after this incubation was determined by Western blot 

using the 3F4 antibody as described in section 2.6 (Figure 4.1A). For each 

homogenate we then set the average PrPSc signal intensity for the 0 µg/mL PK 

treated samples as 100% PrPSc abundance and normalized the 100, 200, and 

400 µg/mL PK treated samples to this value (Figure 4.1B). 

 The protein present in the 0 µg/mL PK treated uninfected sample is PrPC. 

Following the 24 hour incubation, PrPSc was not detected in the PK treated 

uninfected brain homogenate samples (Figure 4.1), which indicated that the PK 

digestion was working properly and that the uninfected homogenate was not 

contaminated with PrPSc. The HY TME, 139H, and DY TME homogenates all had 

PK resistant PrPSc present after incubation with all 3 concentrations of PK (Figure 

4.1), however the amount of PrPSc remaining varied between the strains. The DY 

TME samples had significantly (p < 0.05) less PrPSc abundance than the HY 

TME and 139H samples following 24-hour incubation with all three PK 

concentrations. For the 200 and 400 µg/mL PK concentrations, the HY TME 

samples had significantly greater (p < 0.05) PrPSc abundance than the 139H 

samples. The PrPSc abundance for the 100 µg/mL PK treated HY TME and 139H 

samples was not significantly different (p > 0.05). Together these results 

demonstrated that PrPSc from 139H infected hamsters has an intermediate PK 

resistance between PrPSc from HY or DY TME infected animals. This indicated  
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Figure 4.1. Differential PK digestion of strains. A) Western blot of HY TME, 
139H, DY TME, and uninfected brain homogenates incubated with various 
concentrations of PK at 37 °C for 24 hours. PK concentration is final 
concentration after mixed 1:1 with homogenate (5% w/v in conversion buffer). 
B) Percent PK resistant PrPSc abundance following 24 hour PK digestion. The 
abundance of homogenate incubated with no PK (DPBS only) was set to 100% 
and the abundance of PrPSc following incubation with the various PK 
concentrations was normalized to this value. 
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that 24 hour PK incubation could be a viable means to distinguish between 139H 

and HY PrPSc.  

 

4.2.B. Conformational stability differences between HY and 139H 

As previously reported by Ayers et al. in 2011, HY PrPSc and 139H PrPSc 

have different conformational stabilities, likely due to differences in PrPSc 

structure (Ayers et al., 2011). Conformational stability is determined by 

incubating PrPSc with increasing concentrations of the detergent SDS or the 

chaotropic agent guanidine HCl followed by incubation with PK (Ayers et al., 

2011). Treatment with SDS or guanidine HCl makes PrPSc more susceptible to 

PK digestion and it is hypothesized that this is due to the denaturant linearizing 

the protein, solubilizing the protein aggregates, or a combination of both. The 

concentration of SDS and guanidine HCl that results in a 50% reduction in PrPSc 

signal intensity is defined as the half value ([SDS]1/2, [guanidine HCl]1/2). The 

[SDS]1/2  for HY TME and 139H were 1.14±0.03 vs. 0.50±0.01 (% w/v) 

respectively, and the [guanidine HCl]1/2  are 1.16 ± 0.09 0.76 ± 0.05 (% w/v) 

respectively. (Ayers et al., 2011).  

We were interested in identifying one concentration of guanidine HCl or 

SDS that could be used to distinguish between HY TME and 139H PrPSc. To that 

end, we incubated HY TME and 139H infected hamster brain homogenates with 

increasing concentrations of guanidine HCl followed by incubation with PK as 

described in section 2.9. The remaining PrPSc intensity was determined via 96 

well immunoassay as described in section 2.8 (Figure 4.2). Using the guanidine  
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Figure 4.2. Conformational stability of strains using guanidine HCl. 96 well 
immunoassay of HY TME infected brain homogenate (HY), 139H infected 
brain homogenate (139H), and uninfected hamster brain homogenate (UN) 
incubated with various concentrations of Guanidine HCl followed by digestion 
with PK. 
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HCl conformational stability assay, we determined that a concentration of 

guanidine HCl between 2.0- 3.5 M could distinguish between HY and 139H since 

there is a significant difference between the amount of HY and 139H PrPSc 

remaining (Figure 4.2). To determine the optimal concentration of SDS to use to 

distinguish between HY TME and 139H, we performed the SDS conformational 

stability assay described in section 2.10. For this experiment we incubated 

homogenates with a final concentration of 0, 0.75, 1.0, or 1.25 % SDS followed 

by incubation for 15 minutes with 1U/mL PK. The remaining PrPSc intensity was 

determined via Western blot analysis. Based upon these results, all of the tested 

SDS concentrations could distinguish between HY and 139H PrPSc due to the 

strains having differences in their remaining PrPSc at these concentrations 

(Figure 4.3).  

For further experiments, we chose to use the conformational stability 

assay with SDS as the denaturant to distinguish between HY and 139H PrPSc in 

the HY/139H interference brains. The concentration selected was 1.0% w/v due 

to this being the highest concentration that did not reduce the signal intensity of 

HY PrPSc yet significantly reduced the amount of 139H PrPSc (Figure 4.3).  

 

4.2.C. SDS conformational stability assay can identify mixtures of HY and 139H 
 
 To confirm that the SDS conformational stability assay could be used to 

identify strains mixtures, we compared the relative 1% (w/v) SDS resistant PrPSc 

of a mixture of 139H and HY TME infected brain homogenates (50% 139H/50% 

HY) to homogenates with 139H (100% 139H) or HY TME (100% HY) alone  
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Figure 4.3. Conformational stability of strains using SDS. Western blot 
analysis of HY TME infected brain homogenate (HY) and 139H infected brain 
homogenate (139H) incubated with various concentrations of SDS followed 
by digestion with PK. 
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(Figure 4.4). Due to the presence of PrPSc from the two different strains, the 

relative 1% w/v SDS resistant PrPSc of the 139H/HY homogenate mixture was 

not similar to either the homogenate with HY TME alone (p<0.05) or the 

homogenate with 139H alone homogenate (p<0.05) (Figure 4.4), which is 

consistent with the intermediate 1% (w/v) SDS resistant PrPSc observed for the 

subset of animals in the 25 and 50 day interval interference group.  These results 

indicated that the SDS conformational stability assay does have the capacity to 

identify mixtures of stains. 

 

4.2.D. Conformational stability of brains from 139H and HY TME interference   

 To determine the strain type of PrPSc present in the brains of the 139H/HY 

interference animals, we homogenized the brains as described in section 2.5 and 

then utilized the SDS conformational stability assay described in section 2.10.  

For the first SDS conformational stability experiment we utilized 375 µg eq of 

each brain homogenate (Figure 4.5). Four hamsters in the 75 day interval group 

had 139H clinical signs and incubation period (Table 3.2), and the PrPSc found in 

the brains of these animals had conformational stability similar (p > 0.05) to the 

139H control (Figure 4.5B, lanes 12-15). The remaining hamster in the 75 day 

interval group had HY TME clinical signs and incubation period (Table 3.2) and 

had PrPSc with conformational stability similar (p >0.05) to the HY TME control 

(Figure 4.5B, lane 11). The results of the 75 day interval group demonstrated 

consistency between the strain phenotype (incubation period and clinical signs) 

and the strain specific PrPSc conformational stability. All of the animals in both the 
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Figure 4.4. Identification of mixture of strains using SDS conformational 
stability assay. The relative amount of PrPSc that remained after treatment with 
1% w/v SDS followed by PK digestion was determined for the brain 
homogenates of HY TME or 139H infected hamsters using a 96 well 
immunoassay. Under the treatment conditions, a mixture of 139H and HY 
PrPSc is distinguishable from samples containing HY or 139H PrPSc alone. The 
immunoblot panel was assembled from the same exposure of a single plate. 
Figure from Langenfeld et al., 2016. 
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Figure 4.5. SDS conformational stability of 139H and HY TME interference 
brains using 375 µg eq brain homogenate. A) Immunoblot of brains after 
incubation with either 0 or 1% w/v SDS followed by digestion with PK. The 
relative concentration of homogenate loaded into each well was 375 µg eq B) 
The relative 1% w/v SDS resistant PrPSc remaining in brain homogenate from 
animals infected with HY TME alone, 139H alone, or from animals first 
inoculated with 139H followed by superinfection with HY TME at 25, 50 or 75 
days p.i.. Red and blue bars indicate animals that developed clinical signs and 
incubation periods consistent with a HY TME or 139H infection respectively. * 
Similar (p>0.05) to HY TME control. ** Similar (p>0.05) to 139H TME control. 
*** Not similar (p<0.05) to the HY TME or 139H control. n.a. – not applicable. 
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50 day-interval group and the 25 day interval group had clinical signs and 

incubation periods that were consistent with HY TME infection (Table 3.2). Brain 

homogenate for the conformational stability assay was only available for 3 of the 

5 animals in the 50 day interval group. For the 50 day group, 1 out of the 3 

homogenates tested had relative 1% (w/v) SDS resistant PrPSc contents that 

were similar to the 139H control (p > 0.05) (Figure 4.5 B, lane 10) while the other 

two homogenates tested had a relative 1% (w/v) SDS resistant PrPSc content that 

was significantly different from both the HY TME (p < 0.05) and 139H (p < 0.05) 

controls (Figure 4.5B lanes 8-9). The intermediate stability of these homogenates 

indicates that they are likely a mixture of both 139H and HY TME. For the 25 day 

interval group, all five of the animals tested had PrPSc with a similar stability to 

HY TME (p > 0.05) (Figure 4.5 B lanes 3-7).  

             For the second SDS conformational stability assay we utilized 125 µg eq 

of each brain homogenate (Figure 4.6). This lower concentration of homogenate 

was closer to the linear range of detection for the 96 well immunoassay. Four 

hamsters in the 75 day interval group had PrPSc that had a conformational 

stability similar (p > 0.05) to the 139H control (Figure 4.6B, lanes 12-15). The 

remaining hamster in the 75 day interval group had HY TME clinical signs and 

incubation period (Table 3.2) and had PrPSc with conformational stability similar 

(p >0.05) to the HY TME control (Figure 4.6B, lane 11). In the 50 day group, 2 

out of the 3 homogenates tested had relative 1% (w/v) SDS resistant PrPSc 

contents that were similar to 139H (p > 0.05) (Figure 4.6B lane 8, 10), while the 

third homogenate tested had a relative 1% (w/v) SDS resistant PrPSc content that  
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Figure 4.6. SDS conformational stability of 139H and HY TME interference 
brains using 125 µg eq brain homogenate. A) Immunoblot of brains after 
incubation with either 0 or 1% w/v SDS followed by digestion with PK. The 
relative concentration of homogenate loaded into each well was 125 µg eq B) 
The relative 1% w/v SDS resistant PrPSc remaining in brain homogenate from 
animals infected with HY TME alone, 139H alone, or from animals first 
inoculated with 139H followed by superinfection with HY TME at 25, 50 or 75 
days p.i.. Red and blue bars indicate animals that developed clinical signs and 
incubation periods consistent with a HY TME or 139H infection respectively. * 
Similar (p>0.05) to HY TME control. ** Similar (p>0.05) to 139H TME control. *** 
Not similar (p<0.05) to the HY TME or 139H control. n.a. – not applicable. 
Figure modified from Langenfeld et al., 2016. 
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was significantly different from both the HY TME (p < 0.05) and 139H (p < 0.05) 

controls (Figure 4.6B, lane 9). For the 25 day interval group, 1 of the animals 

tested had PrPSc with a similar stability to HY TME (p > 0.05) (Figure 4.6 B lane 

4), while 3 homogenates were also likely mixtures of 139H and HY and had 

stabilities that were intermediate and was not similar to either the HY TME (p 

<0.05) or the 139H (p<0.05) controls (Figure 4.6 B lanes 3, 5, 6). Homogenates 

with intermediate stabilities were likely mixtures of HY and 139H PrPSc. The fifth 

homogenate produced results with a high variance which prevented statistical 

analysis (Figure 4.6 B, lane 7).  

 

4.3 Discussion 

 Our results demonstrated that we could distinguish between HY and 139H 

PrPSc via a variety of methods, including 24-hour digestion with PK and 

conformational stability assays utilizing guanidine HCl and SDS. Our results 

showed that HY PrPSc was more resistant to PK digestion than 139H PrPSc, and 

that HY PrPSc was more conformationally stable than 139H PrPSc, consistent with 

previous findings (Ayers et al., 2011). Hamster prion strains with high 

conformational stability after SDS and guanidine HCl denaturation, such as HY 

TME, were shown to have large punctate deposits of PrPSc in the neuropil and 

soma of neurons. Strains with low conformational stability, such as 139H and DY 

TME, had PrPSc deposition in the neuropil of neurons but did not have intense 

PrPSc immunoreactivity in the soma (Ayers et al., 2011; Taylor et al., 1986). 

These results suggest that increased conformational stability helps PrPSc resist 
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clearance by cells. One of the ways in which cells might clear PrPSc is via 

proteases (Luhr et al., 2004). The higher PK resistance of HY TME compared to 

139H and DY TME (Figure 4.1) supports the hypothesis that less 

conformationally stable strains such as 139H and DY TME are more readily 

cleared by cells than high conformationally stable strains such as HY TME.  

Our modified SDS conformational stability assay could successfully 

determine whether HY PrPSc, 139H PrPSc, or a mixture of the two types of PrPSc 

was present in brain homogenate, and we used it to analyze the brains from our 

experimental strain interference animals. The SDS conformational stability of the 

four animals in the 75 day interval group with 139H clinical signs was similar to 

the conformational stability of 139H controls (Figure 4.5, 4.6). This indicates that 

under conditions where the blocking strain inhibits the emergence of the 

superinfecting strain, PrPSc from the superinfecting strain is not detectable. 

These results are consistent with previous results from the sciatic nerve strain 

interference experiments utilizing DY TME as the blocking strain (Bartz et al., 

2007). Western blot analysis of brain homogenate from hamsters inoculated with 

DY TME followed by inoculation with HY TME 120 days later showed PrPSc 

migration like that of DY PrPSc (Bartz et al., 2007). Western blot analysis of 

lumbar spinal cord homogenate from the same animals using an antibody 

specific for HY PrPSc (R30) did not detect any HY PrPSc.  The lack of detection of 

superinfecting strain PrPSc is hypothesized to be due to the blocking strain 

inhibiting the conversion of superinfecting strain PrPSc. Although HY PrPSc is not 

detectable via the SDS conformational stability assay in the 4 animals with 139H 



	  

	   92	  

clinical signs in our 75 day interval group, it is possible that HY PrPSc is still 

present in the brains of these animals albeit at low levels. PMCA of brain 

homogenates from hamsters in the 120 day interval group from HY and DY TME 

interference studies was able to amplify HY PrPSc to a detectable level, indicating 

that HY TME persisted in these animals (Shikiya et al., 2010). These results 

suggest that the blocking strain does not completely extinguish the conversion of 

the superinfecting strain, and instead a mixture of the two strains is present in 

clinical stage animals.  

 In the 50 day interval group of our interference studies with HY TME and 

139H, the clinical signs and incubation period were similar to HY TME. 

Interestingly, using our modified SDS conformational stability assay we found 

that the conformational stabilities of the three brains tested were either similar to 

139H PrPSc or were not similar to either 139H PrPSc or HY PrPSc (Figure 4.5, 4.6), 

indicating an intermediate PrPSc stability. All five of the animals in the 25 day 

interval group had HY TME clinical signs, and when we performed the SDS 

conformational stability assay utilizing 125 µg eq of brain homogenate, we 

determined that one animal had HY PrPSc conformational stability but the 

majority of the homogenates had intermediate PrPSc stability (Figure 4.6). The 

fifth homogenate had a high variance that precluded meaningful statistical 

analysis. When 375 µg eq of brain homogenate was utilized for the 

conformational stability assay, all five brains in the 25 day interval group had 

stabilities that were not significantly different than the HY controls (Figure 4.5). 



	  

	   93	  

This is in contrast to the 125 µg eq assay, and may have been due to the high 

degree of variability in the HY control for the 375 µg eq assay .  

We interpret that the intermediate conformational stabilities observed in 

the 25 day and 50 day interval animals represents a mixture of HY and 139H 

PrPSc present in the brains of the infected animals. It is important to emphasize 

that under the assay conditions, we can only conclude if a mixture of HY and 

139H PrPSc is present and not quantify the amount of PrPSc from each strain.  An 

alternative explanation is that the intermediate stability is due to the presence of 

a strain other than HY and 139H that was formed de novo or a strain that was 

present in the mixture and emerged due to the experimental conditions. Our 

results indicate that even under conditions where the blocking strain does not 

extend the incubation period of the superinfecting strain or change the clinical 

signs, interference is likely still occurring in the form of the blocking strain 

interfering with superinfecting strain conversion. This hypothesis is supported by 

previous HY and DY TME strain interference studies in which a 90 day interval 

between inoculations extended the incubation period of HY TME but did not 

prevent HY TME clinical signs (Ayers et al., 2011). Lumbar spinal cords were 

collected 4, 6, 8, and 10 weeks p.i. with HY TME from animals inoculated 90 

days prior with DY TME or control animals inoculated with HY TME only. Using 

the HY PrPSc specific antibody R30, Western blot analysis demonstrated that 

prior infection with DY TME resulted in the delay of HY PrPSc detection by 3 days, 

and a reduction in the rate of HY PrPSc accumulation by 51% (Bartz et al., 2007; 

Shikiya et al., 2010). 



	  

	   94	  

The identification of mixtures of HY and 139H PrPSc in our experimental 

animals suggests that prion strains can coexist as a dynamic population within a 

host. This is supported by the observation of PrPSc mixtures in natural prion 

diseases, such as the presence of type 1 and type 2 PrPSc in CJD patients 

(Polymenidou et al., 2005; Shikiya et al., 2010; Dickinson and Outram, 1979; 

Notari et al., 2007; Puoti et al., 1999). It has been suggested that prions exist as 

a mixture of substrains, and changes to the environment can alter the 

propagation conditions and allow emergence of different strains (Collinge and 

Clarke, 2007; Dickinson and Outram, 1979). The change in interval between 

inoculations in our current experiments could be considered a change in 

environmental conditions.  
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CHAPTER 5: ROLE OF RNA IN STRAIN INTERFERENCE 

 

5.1. Introduction 

RNA is hypothesized to be a prion conversion co-factor. RNA is present in 

the extracellular space of cells or in exosomes (Dickinson and Outram, 1979; 

Saá et al., 2012), and it is released after cell death (Deleault et al., 2005; Shikiya 

et al., 2010), which would localize it to the cell membrane where prion conversion 

is hypothesized to occur.  In vitro conversion of hamster and murine PrPSc 

requires RNA (Bartz et al., 2007; Deleault et al., 2007; 2010; Gonzalez-

Montalban et al., 2011; Saá et al., 2012). 

Synthetic nucleic acid homopolymers, such as poly(A) and poly(dT), 

support in vitro formation of PrPSc (Deleault et al., 2005), indicating that a specific 

nucleic acid sequence is not required for PrPSc formation. While the sequence of 

the nucleic acids does appear to be important, nucleic acid oligomers less than 

40 bases long do not support in vitro prion formation (Bartz et al., 2000; Deleault 

et al., 2005) (Bartz et al., 2007; Geoghegan et al., 2007). Nucleic acids form 

nuclease resistant complexes with prions (Akowitz et al., 1990; Bartz et al., 2004), 

but when the nucleic acids within these complexes are degraded to 

oligonucleotides of only 5-bases long, the prion protein/nucleic acid complex 

remains infectious (Piro et al., 2011; Schutt and Bartz, 2008). It is not known if 

PrPSc requires small nucleic acids (< 6 bases) as a structural component to 

maintain its infectious properties, or if the PrPSc molecule itself or perhaps 

another cofactor are responsible for prion infectivity (Saá et al., 2012).    
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The nucleic acids used for prion formation do not appear to be tissue-

specific since total RNA from both hamster brain and liver support PrPSc 

formation (Deleault et al., 2003), however there may be species specificity for the 

type of nucleic acid that can be utilized.  For example, hamster and mouse total 

RNA support formation of prions, while RNA from bacteria (Escherichia coli), 

yeast (Saccharomyces cerevisiae), fly (Drosophila melanogaster), and worm 

(Caenorhabditis elegans) does not (Deleault et al., 2003). The use of RNA for 

prion conversion may also be strain-specific. PMCA studies using substrate 

treated with RNase A to deplete RNA impaired replication of murine prions, but 

the extent of impairment varied depending on the strain investigated. Formation 

of PrPSc from ME7 murine prions was abolished by round 4 of PMCA, conversion 

of RML PrPSc was not impaired until round 10, and strain 22L PrPSc conversion 

was decreased starting after round 3 but was never completely abolished (Saá et 

al., 2012). Prion conversion was restored following reconstitution of the RNase-

digested PMCA substrate with nucleic acids, however the type of nucleic acid 

that restored replication varied depending on the strain (Saá et al., 2012). 

           Due to the evidence that RNA is involved in prion conversion, we 

hypothesized that RNA was a key factor involved in strain interference (Figure 

5.1). Overall, in strain interference the blocking strain may prevent the 

superinfecting strain from utilizing RNA by 1) incorporating RNA into the growing 

PrPSc fibril (i.e. depletion) or 2) binding RNA and preventing its use by the 

superinfecting strain (i.e. sequestering). We hypothesized that if RNA is involved 

in strain intrference that supplementing our in vitro strain interference model with  
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Figure 5.1. Graphical hypothesis of the role of RNA in prion strain interference. 
Under non-strain interference conditions HY PrPSc utilizes RNA for conversion, 
potential utilizing it as a scaffold to enable interaction with PrPC. It is 
hypothesized that when DY PrPSc is present it prevents HY PrPSc from utilizing 
RNA, potentially by sequestering it, and thereby inhibits HY PrPSc conversion.  
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additional RNA would overcome the strain interference effect. This model utilizes 

the hamster strain DY TME as the blocking strain in interference and HY TME as 

the short incubation period strain. Previous studies have indicated that HY TME 

and DY TME require RNA for replication (Gonzalez-Montalban et al., 2011).  We 

chose to use synthetic poly(A) RNA, specifically polyadenylic acid potassium salt 

(Sigma), to supplement our strain interference model due to its high degree of 

purity. This synthetic poly(A) RNA has been previously used to support hamster 

PrPSc conversion (Deleault et al., 2005; Geoghegan et al., 2007 ;Deleault et al., 

2007). 

 

5.2 Results 

5.2.A. RNA is necessary for in vitro conversion of HY and DY TME 

 Prior to investigating the role of RNA in strain interference, it was first 

necessary to demonstrate that HY PrPSc requires RNA for conversion. We added 

RNase to uninfected hamster brain homogenate as described in section 2.11 and 

then incubated the homogenate for 1 hour at 37 °C. We also performed mock 

RNase digestion of uninfected hamster brain homogenate by substituting RNase-

DNase free water in place of the RNase. Following the RNase or mock RNase 

treatment of the homogenate, we extracted total RNA using TRIzol® LS 

(Invitrogen, Carlsbad CA) reagent as described in section 2.20 and the total RNA 

was then separated via agarose gel electrophoresis. The gel was stained with 

ethidium bromide and imaged on a Bio-Rad Universal Hood II Gel Imager. In 

comparison to the mock RNase-digested total RNA, the total RNA from the 
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RNase-digested uninfected hamster brain homogenate was degraded (Figure 

5.2A). To ensure that the RNase did not have any detrimental effect on the PrPC, 

we performed a Western blot analysis of RNase-digested and mock RNase-

digested uninfected hamster brain homogenates. The PrPC content of the mock 

RNase-digested homogenate was similar to the PrPC content of the RNase-

digested homogenate (Figure 5.2B, C).  

           The RNase-digested and mock RNase-digested uninfected hamster brain 

homogenates were used as substrate in PMCA with various concentrations of 

HY TME (500, 50, 5 µg eq) to determine if HY PrPSc requires RNA for conversion. 

Three rounds of PMCA were carried out as described in section 2.12, and 

following each round an aliquot was passaged 1:20 into fresh RNase or mock 

RNase-digested uninfected hamster brain homogenate. For these experiments 

three replicates were generated, and following the three rounds of PMCA the 

samples analyzed via Western blot to determine the PrPSc content (Figure 5.3). 

The PMCA generated PrPSc was quantified for the samples in RNase-digested 

substrate versus mock RNase-digested substrate by dividing the PrPSc signal 

intensity after PMCA by the starting PrPSc signal intensity in the aliquot that was 

frozen prior to PMCA (Figure 5.4). When 500 µg eq HY TME was used as the 

starting seed concentration, the PrPSc amplification in all three rounds of PMCA 

was not statistically different (p > 0.05) between the samples in mock RNase-

digested substrate versus the samples in RNase-digested substrate (Figure 5.3A, 

5.4A). For the 50 µg eq HY TME PMCA, PrPSc amplification was significantly 

reduced in rounds 1 and 2 in the RNase-digested uninfected homogenate  



	  

	   100	  

 

	  

! A B 

	  

! A B 

	  
Figure 5.2. RNase digestion degrades RNA but not PrPC in PMCA substrate. 
A) Comparison of total RNA from mock RNase-digested uninfected hamster 
brain homogenate, and RNase-digested uninfected hamster brain 
homogenate. Total RNA was extracted from homogenates using TRIzol and 
then analyzed via agarose gel electrophoresis. B) Western blot of uninfected 
hamster brain homogenate following incubation with RNase or RNase-DNase 
free water. C) PrPC signal intensity. ns P > 0.05. N = 3. 
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Figure 5.3. PMCA using various HY TME concentrations in RNase-digested 
substrate. Western blot analysis was used to determine the signal intensity of 
PrPSc using RNase-digested uninfected hamster brain homogenate (lanes 1-6) 
and in mock RNase-digested uninfected hamster brain homogenate (lanes 7-
12).  Starting concentration of HY TME seed was A) 500 µg eq B) 50 µg eq C) 
5 µg eq. 
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Figure 5.4. PMCA amplification for three rounds of PMCA using various HY 
TME concentrations in RNase-digested substrate. Amplification of PrPSc was 
calculated after 3 rounds of PMCA by dividing the PrPSc signal intensity after 
PMCA by the PrPSc signal intensity of the starting material. A) Starting 
concentration of HY TME seed was A) 500 µg eq. B) 50 µg eq C/D) 5 µg eq 
Black bars: RNase-digested uninfected brain homogenate as PMCA 
substrate. White bars: Mock RNase-digested uninfected brain homogenate as 
PMCA substrate. *: p < 0.05. ns: p > 0.05. N = 3 
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(p < 0.05) compared to the mock homogenate (Figure 5.3B, 5.4B). There was not 

a significant difference  (p > 0.05) in the third round of PMCA, but this may have 

been due to a high degree of variability between the samples (Figure 5.4C). 

When 5 µg eq HY TME was used, the round 1 starting concentration of HY PrPSc 

was below the limit of detection of the Western blot so it was not possible to 

calculate the amplification of PrPSc. Instead, the PrPSc signal intensities were 

compared for round 1 and it was determined that the PrPSc content was 

significantly lower for the samples in RNase-digested uninfected homogenate 

(Figure 5.3C, 5.4C, p < 0.05). For rounds 2 and 3, there was no PrPSc 

amplification detected in the RNase-digested samples (amplification value equals 

1) while there was PrPSc amplification in the mock RNase-digested homogenate 

(5.4D). The amplification in rounds 2 and 3 was not statically different (p > 0.05) 

(5.4D). Together these results indicated that in vitro HY PrPSc conversion 

requires RNA, but the dependence on RNA varies with the starting PrPSc 

concentration.  

 We also investigated the conversion of DY PrPSc in RNase-digested 

uninfected hamster brain homogenate. When starting with 500 µg eq DY TME 

(Figure 5.5A, B), PrPSc amplification was found to be significantly lower in the 

RNase-digested uninfected homogenate compared to the mock RNase-digested 

(p < 0.05). Round 2 PrPSc was not found to be significantly different between the 

two substrates (p > 0.05, Figure 5.5B). Using 100 µg eq DY TME as the starting 

seed concentration (Figure 5.5 C, D), there was no difference in PrPSc 

amplification in round 1 (p < 0.05) but in round 2 the amplification was  
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Figure 5.5. PMCA using various DY TME concentrations in RNase-digested 
substrate. Western blot analysis was used to determine the signal intensity of 
PrPSc using RNase-digested uninfected hamster brain homogenate (lanes 1-6) 
and mock RNase-digested uninfected hamster brain homogenate (lanes 7-12). 
Amplification of PrPSc was calculated after 2 rounds of PMCA by dividing the 
PrPSc signal intensity after PMCA by the PrPSc signal intensity of the starting 
material. Starting concentration of DY TME seed was 500 µg eq (A and B) or. 
100 µg eq (C and D). Black bars: RNase-digested uninfected brain 
homogenate as PMCA substrate. White bars: Mock RNase-digested uninfected 
brain homogenate as PMCA substrate. *: p < 0.05. ns: p > 0.05. N = 3 
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significantly higher in round 2 (p > 0.05). These results indicate that like HY PrPSc, 

DY PrPSc likely requires RNA for efficient conversion but the usage of RNA also 

varies with PrPSc concentration for this strain.  

 

5.2.B. Synthetic poly(A) RNA supports conversion of HY PrPSc 

 
 To determine if the chosen synthetic poly(A) RNA (polyadenylic potassium 

salt, Sigma) could support HY PrPSc conversion, we used it to supplement 

RNase-digested uninfected hamster brain homogenate as described in section 

2.14. Previous experiments demonstrated that supplementation of nuclease 

digested uninfected hamster brain homogenate with RNA at a concentration of 

0.5 µg/µL could rescue PrPSc conversion (Deleault et al., 2003). Our goal for the 

strain interference model was to supplement our PMCA substrate with a high 

concentration of RNA and determine if it could help HY PrPSc overcome the 

strain interference effect, so we supplemented RNase-digested uninfected 

homogenate with 0.5 µg/µL synthetic poly(A) RNA and also with higher of 

synthetic poly(A) RNA (1.0, 1.5, and 2.0 µg/µL). We predicted that residual 

RNase present on the homogenate would not act upon the synthetic RNA 

because it is a pyrimidine-specific endoribonuclease and the synthetic RNA 

contains only the purine adenine.	  Following addition of synthetic RNA to the 

RNase-digested uninfected hamster brain homogenate, we added HY TME to a 

concentration of 5 µg eq and performed one round of PMCA. As a positive 

control we also performed PMCA with 5 µg eq of HY TME in mock RNase-

digested uninfected hamster brain homogenate not supplemented with synthetic 
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RNA. Following PMCA, we determined the average PrPSc signal intensity via 

western blot analysis (Figure 5.6A, B). The HY PrPSc signal intensity after one 

round of PMCA in RNase-digested substrate without synthetic RNA added was 

significantly lower than the signal intensity when using mock RNase-digested 

homogenate (Figure 5.6A, B, p < 0.05), which was consistent with our other 

results (Figure 5.4C). The HY PrPSc signal intensity when RNase-digested PMCA 

substrate was supplemented with all four concentrations of synthetic RNA was 

not significantly different from the PrPSc signal intensity when using mock RNase-

digested substrate (Figure 5.6A, B, p > 0.05). Together these results indicated 

that the synthetic poly(A) RNA can reconstitute RNase-digested uninfected 

homogenate and can be used to support HY PrPSc conversion. The results also 

demonstrate that synthetic poly(A) RNA does not inhibit HY PrPSc conversion at 

any of the concentrations tested, which indicated that the highest concentration 

of 2.0 µg/µL would be a viable concentration to use in the PMCA strain 

interference model. Lastly, the amplification of HY PrPSc in RNase-digested 

substrated supplemented with synthetic RNA indicated that the presence of 

RNase in the PMCA substrate did not have a detrimental effect on PrPSc 

conversion.   

 

5.2.C. RNA is not involved in prion strain interference in vitro 

  Using the PMCA strain interference model, Shikiya et al demonstrated that 

DY TME can interfere with the emergence of HY TME (Shikiya et al., 2010). The 

capacity for DY TME to serve as a blocking strain was dependent on the ratio of  
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! A 

B 

Figure 5.6. Rescue of HY PrPSc conversion via addition of synthetic RNA to 
RNase-digested uninfected hamster brain homogenate. A) Western blot of one 
round of PMCA using mock RNase-digested uninfected hamster brain 
homogenate or RNase-digested uninfected hamster homogenate supplemented 
with synthetic RNA (0-2.0 µg/µL). B) Relative PrPSc signal intensity following one 
round of PMCA. * = p < 0.05. ns = p > 0.05. N = 4. 
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DY TME to HY TME and on the round of PMCA (Table 5.1). When either 50 µg 

eq or 5 µg eq of HY TME are used as the seed in PMCA, PrPSc amplification is 

observed after one round of PMCA and the unglycosylated PrPSc band migrates 

at 21 kDa consistent with HY TME (Figure 1.2, Table 5.2). In the PMCA strain 

interference model, 500 µg eq of DY TME is combined with 50 µg eq HY TME or 

5 µg eq HY TME (Table 5.1). Under the 500 µg eq DY TME/ 50 µg eq HY TME 

conditions, the migration of the unglycosylated band of PrPSc after one round of 

PMCA is 19 kDa which is consistent with DY PrPSc (Figure 1.2, Table 5.1), and 

HY PrPSc doesn’t emerge until the second round (Table 5.1). When 500 µg eq 

DY TME is combined with 5 µg eq HY TME, the PrPSc migrates like DY PrPSc 

until round 4 when the migration becomes that of HY PrPSc (Table 5.1). Together 

these results indicate that when the starting concentration in PMCA is 500 µg eq 

DY TME/ 50 µg eq HY TME or 500 µg eq DY TME/ 5 µg eq HY TME, strain 

interference occurs and DY PrPSc interferes with the emergence of HY PrPSc.  

  To determine if RNA is a limiting factor in strain interference, we 

supplemented the uninfected substrate in PMCA strain interference with 

synthetic RNA at a concentration of 2 µg/µL. We chose the following starting 

PrPSc seed ratios of DY TME/HY TME: 500 µg eq DY TME brain homogenate/50 

µg eq HY TME brain homogenate and 500 µg eq DY TME brain homogenate/ 5 

µg eq HY TME brain homogenate. Our hypothesis was that if HY and DY TME 

were competing for a limiting amount of RNA, adding an excess of synthetic RNA 

to the PMCA strain interference reaction would allow HY TME to overcome the 

interference effect and that we would see HY PrPSc emerge at an earlier round of  
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DY TME 500 

HY TME 500 50 5 0.5 0.05 0.005 

PMCA round 

1 HY/DY DY DY DY DY DY 

2 HY HY DY DY DY DY 

3 HY HY DY DY DY DY 

4 HY HY HY HY DY DY 

5 HY HY HY HY DY DY 

6 ND ND ND ND DY DY 

7 ND ND ND ND DY DY 

8 ND ND ND ND DY DY 

9 ND ND ND ND HY DY 

10 ND ND ND ND HY DY 

15 ND ND ND ND ND DY 

Initial PMCA reaction starting contents (µg eq) 

Table 5.1. PMCA interference of HY and DY TME 
 

HY, PrPSc with HY TME migration pattern; DY, PrPSc with DY TME 
migration pattern; –, PrPSc not detected; ND, not done. Table modified from 
Shikiya et al., 2010. 
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HY TME  500 50 5 0.5 0.05 0.005 

PMCA round 

1 HY HY HY HY HY - 

2 HY HY HY HY HY HY 

3 HY HY HY HY HY HY 

4 HY HY HY HY HY HY 

5 HY HY HY HY HY HY 

6 HY HY HY HY HY HY 

7 HY HY HY HY HY HY 

8 HY HY HY HY HY HY 

9 HY HY HY HY HY HY 

10 HY HY HY HY HY HY 

15 HY HY HY HY HY HY 

Initial PMCA reaction starting contents (µg eq) 

Table 5.2. PMCA detection limits of HY TME 
 
 

HY, Detectable HY PrPSc amplification and migration pattern; - , undetectable 
PrPSc amplification. Figure modified from Shikiya et al., 2010. 
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PMCA compared to controls without additional RNA added. We carried out 2 

PMCA strain interference experiments supplemented with RNA as described in 

sections 2.15 and 2.16. 

 After one round of PMCA in the first experiment supplementing with 

synthetic poly(A) RNA, the unglycosylated bands of both of the strain mixtures 

utilizing either uninfected homogenate supplemented with TE (UN +TE) (Figure 

5.7, lanes 3-4) or synthetic RNA (UN + RNA) (Figure 5.7, lanes 5-6) migrated like 

DY PrPSc (19 kDa) in the DY controls (Figure 5.7, lane 2). After a second round 

of PMCA, the unglycosylated band of the PrPSc in the 500 µg eq DY/ 50 µg eq 

HY mixture (Figure 5.7, lane 9 and 10) migrated like the HY TME control (21 kDa, 

Figure 5.6 lane 1) when either UN+TE or UN+RNA were used as substrate. The 

unglycosylated band of the PrPSc in the 500 µg eq DY/ 5 µg eq HY mixture 

(Figure 5.7, lane 10 and 12) continued to migrate like the DY TME control (Figure 

5.7, lane 2) when either UN+TE or UN+RNA were used as substrate. For rounds 

3-4, the PrPSc in the 500 µg eq DY/ 50 µg eq HY samples continued to migrate 

like HY PrPSc when both synthetic RNA supplemented and mock RNA 

supplemented uninfected homogenate was used as substrate (Table 5.3). For 

the 500 µg eq DY/ 5 µg eq HY samples, the HY PrPSc did not emerge until round 

4 when both the synthetic RNA supplemented and mock RNA supplemented 

uninfected homogenates were used as substrates (Table 5.3). Together, these 

results demonstrated that the PrPSc migration in PMCA strain interference did not 

differ between the synthetic RNA supplemented samples and their respective 

mock RNA supplemented controls, indicating that addition of RNA did not help  
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Figure 5.7. PMCA strain interference supplemented with synthetic RNA, 
experiment 1. PMCA round 1 (lanes 1-6) utilizing either uninfected 
homogenate supplemented with TE (UN +TE) (lanes 3-4) or synthetic RNA 
(UN + RNA) (lanes 5-6). PMCA round 2 (lanes 7-12) utilizing either uninfected 
homogenate supplemented with TE (UN +TE) (lanes 9-10) or synthetic RNA 
(UN + RNA) (lanes 11-12). 
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PMCA%round%

HY%TME%(50%µg%eq)%

1%

2%
3%

+%TE% +%RNA%PMCA%substrate%

DY% DY%

HY% HY%
HY% HY%

DY%

DY%
DY%

4% HY% HY% HY%

DY%TME%(500%µg%eq)%

HY%TME%(5%µg%eq)%

+%TE% +%RNA%

DY%TME%(500%µg%eq)%

DY%

DY%
DY%
HY%

Table 5.3. Addition of synthetic RNA to PMCA strain interference. 
	  

Addition of RNA did not change the migration outcome of PMCA strain 
interference over the course of 4 rounds of PMCA. HY: PrPSc with HY TME 
migration pattern, DY: PrPSc with DY TME migration pattern, µg eq: brain 
homogenate concentration, + TE: uninfected brain homogenate supplemented 
with TE buffer, + RNA: uninfected brain homogenate supplemented with RNA. 
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HY TME overcome the strain interference effect. Similar results were seen for the 

second RNA supplemented PMCA strain interference experiment (Figure 5.8, 

Table 5.4). Upon analysis of the amplification of HY PrPSc in the round one 

control samples, we determined that the use of uninfected hamster brain 

homogenate supplemented with RNA as a PMCA substrate did not significantly 

change the amplification of HY PrPSc compared to the amplification in uninfected 

hamster brain homogenate supplemented with TE buffer (Figure 5.9A, B). This 

indicated that the addition of RNA did not inhibit the conversion of HY PrPSc.  

 
5.3 Discussion 
 
 In section 5.2.A., we showed that we were able to successfully degrade 

the RNA in uninfected hamster brain homogenate using RNase. When we used 

RNase-digested brain homogenate as the PMCA substrate compared to mock 

RNase-digested brain homogenate, our results indicated that both HY and DY 

PrPSc conversion utilized RNA, which is consistent with previous studies 

(Gonzalez-Montalban et al., 2011). However, we obtained different results 

depending on the concentration of infectious seed used.  When 50 or 5 µg eq of 

HY TME infected brain homogenate were used as the infectious seeds, the 

accumulation of HY PrPSc in the first round of PMCA was significantly reduced in 

the RNase-digested homogenate compared to the mock RNase-digested 

homogenate (Figure 5.3, 5.4). This reduction in PrPSc conversion is likely due to 

the degradation of RNA, and is not due to changes in PrPC content in the 

homogenate because RNase digestion was shown not to degrade PrPC (Figure 

5.2 B, C). The PrPSc amplification in rounds 2 and 3 of the 5 µg eq HY TME 
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 1 

+TE 

21 kDa 
19 kDa 

Lane 1 2 3 4 

4.285 HY  BH (µg eq) 
DY  BH (µg eq) 

UN Substrate 
400 

5 6 7 8 10 11 12 9 

PMCA Round 

+ RNA +TE + RNA +TE + RNA 

 4 

+TE 

4.28 

428 
+ RNA +TE + RNA +TE + RNA 

Figure 5.8. PMCA strain interference supplemented with synthetic RNA, 
experiment 2. PMCA round 1 (lanes 1-6) utilizing either uninfected homogenate 
supplemented with TE (+TE) (lanes 1, 3, 5) or synthetic RNA (+ RNA) (lanes 2, 
4, 6). PMCA round 4 (lanes 7-12) utilizing either uninfected homogenate 
supplemented with TE (+TE) (lanes 7, 9, 11) or synthetic RNA (+ RNA) (lanes 
8, 10, 12). 
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PMCA%star*ng%contents%

PMCA%round%

1%

2%
3%

PMCA%substrate%

DY%

DY%
DY%

4% HY%

HY%TME%(4.28%µg%eq)%

+%TE% +%RNA%

DY%TME%(428%µg%eq)%

DY%

DY%
DY%
HY%

Table 5.4 Second addition of synthetic RNA to PMCA strain interference. 
	  

Addition of RNA did not change the migration outcome of PMCA strain interference 
over the course of 4 rounds of PMCA. HY: PrPSc with HY TME migration pattern, 
DY: PrPSc with DY TME migration pattern, DY/HY: PrPSc with migration 
intermediate to DY and HY TME, µg eq.: brain homogenate concentration, + TE: 
uninfected brain homogenate supplemented with TE buffer, + RNA: uninfected 
brain homogenate supplemented with RNA. 
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B ns 

Figure 5.9. Addition of synthetic RNA to PMCA substrate does not alter PrPSc 
formation. A) Western blot after one round of PMCA using 5 µg eq HY TME 
infected brain homogenate as infectious seed in either uninfected hamster 
brain homogenate supplemented with TE (UN +TE) or uninfected hamster 
brain homogenate supplemented with synthetic RNA (UN + RNA. B) Relative 
PrPSc signal intensity after one round of PMCA.. ns: P > 0.05. N =3.  
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PMCA samples was reduced in the RNase-digested homogenate, but it was not 

found to be a statistically significant reduction. This is likely due to the high 

degree of variability in the mock RNase PMCA replicates. There was a significant 

reduction in the PrPSc amplification in round 2 of the 50 µg eq HY TME samples 

when RNase-digested homogenate was used, but not in the third round. 

Interestingly, when 500 µg eq of HY TME infected brain homogenate was used 

as the infectious seed, the PrPSc amplification in all three rounds was not 

significantly different when RNase-digested versus mock RNase-digested 

substrate was used. In contrast to the HY TME results, when 500 µg eq DY TME 

was used as the infectious seed, inhibition of PrPSc amplification was observed in 

the RNase-digested substrate compared to the amplification in the mock RNase-

digested substrate in the first round of PMCA, however there was no significant 

inhibition in the second round. The inhibition in the first round of DY PMCA might 

suggest that DY PrPSc conversion is more dependent on RNA than HY TME 

conversion. Further studies are necessary to fully characterize the RNA 

dependence of both strains.  

One possible explanation for why the 500 µg eq HY TME samples did not 

show significantly decreased amplification in the RNase-digested homogenate is 

that there may have been enough residual RNA present in the HY TME infected 

brain homogenate to support PrPSc conversion. One way to investigate this would 

be to RNase digest the HY TME infected brain homogenate prior to use in PMCA.  

A second possible explanation is that although the RNA was degraded in the 

RNase-digested homogenate, there are still low molecular weight RNA fragments 
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detectable on the agarose gel (Figure 5.2.A). These small fragments may have 

supported conversion of PrPSc in the 500 µg eq HY TME samples, although it is 

unclear why they would not also support conversion when the starting 

concentration of HY TME was lower. An extension of the RNase digestion time, 

or an increase in the concentration of enzyme could potentially degrade the RNA 

further and help us determine if the residual RNA was still being used for PrPSc 

conversion. A third possibility is that at higher starting concentrations, PrPSc 

might be able to more efficiently utilize other polyanions such as phospholipids 

and GAGs as conversion factors and be less affected by the depletion of RNA.   

The addition of synthetic poly (A) RNA to our PMCA strain interference 

substrate did not alter the PMCA round at which PrPSc migrated like HY PrPSc in 

either of our PMCA strain interference experiments. Our interpretation of these 

results is that the addition of RNA did not help HY TME overcome the strain 

interference effect exerted by DY TME, indicating that HY PrPSc is not being 

prevented access to RNA by DY PrPSc during strain interference. We were able 

to successfully reconstitute HY PrPSc conversion in RNase-digested PMCA 

substrate using the synthetic poly(A) RNA (polyadenylic acid potassium salt), so 

the lack of change to HY TME emergence is not likely due to the type of RNA 

used in our experiments. Previous studies have demonstrated that the sonication 

conditions of PMCA can degrade RNA (Gonzalez-Montalban et al., 2011). It is 

possible that our added synthetic poly(A) RNA may have become degraded and 

thereby not useable by HY PrPSc for conversion. Addition of synthetic RNA at 

various time points during each round of PMCA strain interference could address 
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this possibility. If RNA is not the host factor that DY and HY PrPSc compete for, 

we hypothesize that during interference the strains compete for PrPC or another 

host polyanion such as phospholipids or GAGs. It is important to note that our 

results are based upon in vitro strain interference, so it is still possible that the 

strains compete for RNA in vivo.  
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CHAPTER 6: THE ROLE OF PRPC IN PRION STRAIN INTERFERENCE 
 

6.1 Background 

The normal host form of the prion protein (PrPC) is essential for the 

development of prion disease. Mice lacking PrPC do not develop prion disease 

following prion infection (Büeler et al., 1993), and overexpression of PrPC in 

transgenic mice can shorten the incubation period of prion disease studies 

(Telling et al., 1996b). Dickinson and Outram were the first to suggest that PrPC 

may play a role in prion strain interference (Dickinson and Outram, 1979). They 

hypothesized that a prion infected individual has “replication sites” that are 

necessary for prion propagation, and the number of these replication sites in the 

body is limited (Dickinson and Outram, 1979). They proposed that in prion strain 

interference, the long incubation period strain engages in “site-blocking” and 

prevents the short incubation period strain from utilizing replication sites 

necessary for prion conversion (Dickinson and Outram, 1979). The theorized 

replication site was the product of sinc (Dickinson and Outram, 1979), which was 

later determined to the gene encoding PrPC (Ingrosso et al., 1999; Moore et al., 

1998).  

PMCA conversion studies suggest that prion strains compete for PrPC. 

The use of transgenic mouse brain homogenate overexpressing murine PrPC as 

PMCA substrate supported enhanced PrPSc amplification compared to the PrPSc 

amplification when wild type homogenate was used as substrate (Ingrosso et al., 

1999; Mays et al., 2009). Long incubation period hamster strains convert PrPC to 

PrPSc less efficiently in PMCA than short incubation period strains in vitro (Ayers 
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et al., 2011), potentially due to less favorable conformational change from PrPC 

to long incubation-specific PrPSc.  Following one round of in vitro conversion of 

DY and HY PrPSc, the amount HY PrPSc that accumulates is greater than the 

amount of DY PrPSc despite having the same starting PrPSc and PrPC 

concentrations (Shikiya et al., 2010). This suggests that there is still a population 

of PrPC available in the DY PMCA samples that has not been converted to DY 

PrPSc. However, despite the availability of non-converted PrPC, HY PrPSc 

conversion is still inhibited during strain interference. Based upon these 

observations, we hypothesize that long incubation period-specific PrPSc 

sequesters the non-converted PrPC, preventing its use by short incubation 

period-specific PrPSc (Figure 6.1). To investigate the role of PrPC in prion strain 

interference, we used PMCA strain interference (Figure 5.1) and performed 

experiments to alter the level of PrPC in the PMCA substrate in an attempt to 

overcome the strain interference effect. 

 

 

6.2 Results 

6.2.A. Reduction of PrPC content inhibits PrPSc amplification 

            To demonstrate the importance of PrPC for the propagation of HY PrPSc, 

we reduced the PrPC
 content of PMCA substrate by combining uninfected 

hamster brain homogenate 50:50 with uninfected mouse PrPC knockout (PrP-/- ) 

brain homogenate. Uninfected mouse PrP-/- homogenate does not contain PrPC 

(Figure 6.2) and supports PrPSc amplification and when it is reconstituted with  
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Figure 6.1. Graphical hypothesis of the role of PrPC in prion strain interference. 
Under non-strain interference conditions HY PrPSc binds to PrPC and converts 
it into new HY PrPSc. It is hypothesized that when DY PrPSc is present, it 
prevents HY PrPSc from utilizing PrPC, potentially by sequestering it, and 
thereby inhibits HY PrPSc conversion.	  
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Figure 6.2. PrPC content of PrP knockout brain homogenate. A) Western blot 
of uninfected hamster brain homogenate (UN) and uninfected PrP knockout 
mouse brain homogenate (PrP-/-). B) Relative PrPC intensity of the UN and 
(PrP-/-) homogenates. 
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purified hamster PrPC (Deleault et al., 2010). This suggests that any reduction in 

PrPSc amplification observed when the mixture of uninfected hamster and 

uninfected mouse PrP-/- brain homogenate was used as substrate would likely be 

due to reduction in PrPC content. We performed 2 rounds of PMCA using HY 

TME brain homogenate as PMCA seed and uninfected hamster brain 

homogenate, uninfected mouse PrP-/- brain homogenate, and the mixture of 

uninfected hamster brain homogenate and uninfected mouse PrP-/- brain 

homogenate as the PMCA substrates. Following one round of PMCA, the HY 

PrPSc amplification was reduced in the mixed homogenate compared to the 

uninfected hamster brain homogenate control (Figure 6.3 A, lanes 1-4; Figure 6.3 

B). Amplification of PrPSc was detected when the uninfected mouse PrP-/- 

homogenate was used as the substrate (Figure 6.3, lanes 5-6; Figure 6.3 B), but 

we hypothesize that this was due to conversion of residual PrPC in the HY TME 

brain homogenate seed. In the second round of PMCA, HY PrPSc amplification 

was again reduced in the mixed homogenate substrate compared to the 

undiluted uninfected hamster brain homogenate substrate (Figure 6.3 A, lanes 1-

4; Figure 6.3C), and there was no detectable PrPSc amplification in the PrP-/- 

homogenate (Figure 6.3 A, lanes 5-6; Figure 6.3 C). Together these results 

demonstrate that reducing the PrPC content available inhibits the conversion of 

HY PrPSc. 



	  

	   126	  

 

	  

PrP#/#%

- PMCA 

UN UN/ PrP-/- Substrate 
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1 PMCA 3 5 2 4 6 

Round 1 

Round 2 

A 

Figure 6.3. Reduction of PrPC content results in a corresponding reduction in the 
formation of PrPSc using PMCA. HY TME infected brain homogenate was used 
as the infectious seed in PMCA with uninfected hamster brain homogenate 
(UN), uninfected PrP knockout mouse brain homogenate (PrP-/-), and a 50:50 
mixture of uninfected hamster brain homogenate and PrP knockout mouse brain 
homogenate (UN/PrP-/-). A) Western blot after 2 rounds of PMCA using 
monoclonal antibody 3F4. B) HY PrPSc amplification after round 1 PMCA. 
Amplification calculated by dividing the signal intensity of PrPSc after PMCA by 
the starting PrPSc signal intensity. PrPSc amplification detected when PrP-/- was 
used as substrate was likely due to conversion of residual PrPC in the HY TME 
brain homogenate. C) PrPSc amplification after round 2 PMCA. N =2. 
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6.2.B. RK13 cell lysate supports PrPSc conversion 

            Rabbit kidney (RK13) epithelial cell lysates that express hamster PrPC 

support the formation of HY and DY PrPSc in PMCA (Mays et al., 2011). We 

hypothesized that if strains are competing for a limiting amount of PrPC, the 

addition of PrPC from RK13 cells to PMCA strain interference would allow HY 

PrPSc to overcome the strain interference effect. The RK13 cells do not express 

endogenous PrPC, and were stably transfected with the hamster PrP open 

reading frame cloned in a plasmid expression vector (Mays et al., 2011). Cells 

were obtained from the laboratory of Dr. Glenn Telling and grown as described in 

section 2.17, and hamster PrPC was detectable via Western blot analysis using 

the monoclonal antibody 3F4 (Figure 6.4). The hamster PrPC expressed by these 

cells was uniquely engineered to contain the L42 antibody epitope. The L42 

epitope is not naturally present in hamster PrP which normally contains 

tryptophan at amino acid position 144 rather than tyrosine which is necessary for 

L42 immunoreactivity (Vorberg et al., 1999). The Telling laboratory mutated the 

hamster PrPC in the RK13 cells at residue 144, changing the amino acid from 

tryptophan to tyrosine, which allowed for detection of PrPC from the RK13 cells 

via the L42 monoclonal antibody (Figure 6.4). RK13 cells that contained a 

plasmid expression vector devoid of the hamster PrP open reading frame did not 

contain detectable hamster PrPC (Figure 6.4). Different methods were attempted 

for collection of the cells, and it was determined that the most efficient method 

was to use a cell scraper as described in section 2.17. Dissociation of cells from 

the flasks using trypsinization was deemed unsuccessful due to the increase in  
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3F4 L42 Antibody 

Sample UN BH 
RK13-

SHaPrP 
RK13 RK13 RK13-

SHaPrP UN BH 

1 2 Lane 3 4 5 6 

Figure 6.4. Differential antibody detection of RK13 cell PrPC and hamster brain 
homogenate PrPC. Western blots utilizing the monoclonal antibodies 3F4 and 
L42 to detect PrPC in uninfected hamster brain homogenate (UN BH), RK13 
cells expressing Syrian hamster PrP engineered with the L42 epitope (RK13-
SHaprP), and RK13 cells containing a plasmid expression vector devoid of the 
hamster PrP open reading frame (RK13). 
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PrPC degradation products observed as low molecular weight bands via Western 

blot analysis (Figure 6.5 A). Initially cells were collected on the first day of 

confluence, but it was determined that increasing the time prior to collection to 

the third or fourth day after confluence could increase the PrPC content of the cell 

lysate (Figure 6.5 B, C). The concentration of cells at day 3 after confluence was 

approximately 70,000 cells per µL of buffer, and the total protein concentration of 

the cell lysates at day 3 after confluence was approximately 3,700 µg/mL 

compared to approximately 8,200 µg/mL in 10% w/v uninfected hamster brain 

homogenate.   

 To determine if the hamster PrPC from the RK13 cells grown in our lab 

could support PrPSc conversion, PMCA substrate was generated using RK13 

cells lysed in PMCA conversion buffer as described in section 2.18. HY TME and 

DY TME brain homogenates were used as infectious seed and combined with 

the RK13 cell lysate and subjected to two rounds of PMCA. Following PMCA, the 

samples were analyzed for PrPSc content via Western blot analysis using the 

monoclonal antibody L42. For the first round of PMCA, PrPSc was not detected in 

the starting material of either the HY TME PMCA (Figure 6.6 A lane 1) or the DY 

TME PMCA (Figure 6.6 B, lane 1). This was expected because the initial PrPSc 

added to the system via the HY and DY TME infected homogenates is wild type 

hamster PrPSc and is not detectable via the L42 antibody. At the end of the first 

round of PMCA, HY and DY PrPSc was formed from the RK13 lysate PrPC and 

was detectable via L42 antibody (Figure 6.6 A and B, lane 2). For the second 

round of PMCA, an aliquot of the round 1 material was combined with fresh  
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Figure 6.5. Methods of collection of RK13 cells. A) Western blot of uninfected 
hamster brain homogenate (BH), and RK13 cells expressing hamster PrPC 
collected via trypsin digest or by coating the flask with DPBS and using a cell 
scraper (DPBS scrape). Antibody used was 3F4. B) Western blot of RK13 cells 
expressing hamster PrP collected on the first, second, or third day of confluence. 
Antibody used was L42. C) Relative PrPC intensity from RK13 cells collected at 
different time points. N =1. 
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Figure 6.6. Amplification of HY and DY PrPSc using RK13 cell lysate as PMCA 
substrate. Western blot analysis of 2 rounds of PMCA using the lysate of 
RK13 cells expressing hamster PrPC as substrate. Antibody used was L42. A) 
HY TME infected brain homogenate used as seed. B) DY TME infected brain 
homogenate used as seed.  
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RK13 cell lysate containing hamster PrPC. Following the second round of PMCA, 

the signal intensity of PrPSc increased compared to the starting material (Figure 

6.6 A and B lanes 3 and 4) for both HY and DY PMCA. Together this data 

indicates that the PrPC from the RK13 cell lysates supports conversion of both 

HY and DY PrPSc, and provides a useful tool to distinguish between PrPSc 

generated from cell lysate and PrPSc from brain homogenate.  

 

6.2.C. Addition of RK13 cell lysate to PMCA strain interference  

 Our hypothesis was that adding the contents of RK13 cells to uninfected 

hamster brain homogenate would increase the PrPC content of the homogenate, 

and this increased PrPC could be utilized for conversion by HY PrPSc to 

overcome the strain interference effect of DY PrPSc. We added RK13 cells to 

10% w/v uninfected hamster brain homogenate as described in section 2.18, and 

the cell supplemented homogenate had a higher PrPC content than the initial 

uninfected hamster brain homogenate (Figure 6.7). To model prion strain 

interference, we again used the PMCA strain interference assay developed by 

Shikiya et al. (Shikiya et al., 2010). The starting PrPSc seed ratio of DY TME/ HY 

TME was 500 µg eq DY TME brain homogenate/ 5 µg eq HY TME brain 

homogenate, and we performed 4 rounds of PMCA using both the 10% w/v 

uninfected hamster brain homogenate and the 10% w/v uninfected hamster brain 

homogenate supplemented with RK13 cells as substrate. Each round of PMCA 

also had samples seeded with only 500 µg eq DY TME brain homogenate, 

samples seeded with only 5 µg eq HY TME brain homogenate, and negative  
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Figure 6.7. Addition of PrPC from RK13 cells to PMCA substrate. A) Western 
blot of uninfected hamster brain homogenate (UN) and uninfected hamster 
brain homogenate supplemented with RK13 cells expressing hamster PrPC 
(UN + cells). Antibody used was 3F4. B) Relative PrPC content of UN and UN 
+ cells.  N =1 
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controls that were PMCA substrate only. Western blot analysis was carried out 

after each round of PMCA and the migration of the PrPSc was analyzed. We 

hypothesized that the addition of PrPC from the cells would allow HY PrPSc to 

emerge at an earlier round of PMCA compared to samples utilizing normal 

uninfected hamster brain homogenate as substrate.  

 We carried out Western blot analysis using the monoclonal antibody 3F4 

to determine the migration of PrPSc following each round of PMCA. After the first 

2 rounds of PMCA strain interference, the unglycosylated bands of both the 500 

µg eq DY/ 5 µg eq HY mixture utilizing normal uninfected homogenate (Figure 

6.8 A lane 3-4, table 6.1) and the 500 µg eq DY/ 5 µg eq HY mixture utilizing 

uninfected homogenate supplemented with RK13 cells (Figure 6.8A, lanes 9-10; 

Table 6.1) migrated like DY PrPSc (19 kDa) in the DY controls (Figure 6.8A, lane 

1-2 and 7-8; Table 6.1). After round 3 of PMCA, the unglycosylated band of the 

PrPSc generated from 500 µg eq DY/ 5 µg eq HY in both substrates migrated as 

an intermediate between HY and DY PrPSc controls (Figure 6.8 B, lane 3-4; 

Table 6.1). HY PrPSc did not emerge until round 4 when both the normal 

uninfected homogenate and RK13 supplemented homogenates were used as 

substrates (Figure 6.8 B, lane 9-10; Table 6.1). These results indicated that the 

addition of RK13 cell lysate did not help HY PrPSc overcome the strain 

interference effect. Analysis of the amplification of HY PrPSc in the round one 

control samples determined that the use of uninfected hamster brain 

homogenate supplemented with RK13 cell lysate as a PMCA substrate inhibited 

the amplification of HY PrPSc compared to the amplification in normal uninfected  



	  

	   135	  

 

	  

 1 

UN 

21 kDa 
19 kDa 

Lane 1 2 3 4 

500 DY  BH (µg eq) 
HY  BH (µg eq) 

Substrate 

5 

5 6 7 8 10 11 12 9 

PMCA Round 

UN 
+cells UN 

UN 
+cells UN 

UN    
+ cells 

2 

500 

5 

UN 
UN 

+cells UN 
UN 

+cells UN 
UN    

+ cells 

 3 

UN 

21 kDa 
19 kDa 

Lane 1 2 3 4 

500 DY  BH (µg eq) 
HY  BH (µg eq) 

Substrate 

5 

5 6 7 8 10 11 12 9 

PMCA Round 

UN 
+cells UN 

UN 
+cells UN 

UN    
+ cells 

4 

500 

5 

UN 
UN 

+cells UN 
UN 

+cells UN 
UN    

+ cells 

A 

B 

Figure 6.8. PMCA strain interference supplemented with RK13 cells 
expressing hamster PrPC. A) Western blot analysis of rounds 1 and 2 of 
PMCA strain interference. Antibody used was 3F4. B) Western blot analysis 
of rounds 3 and 4 of PMCA strain interference. Antibody used was 3F4. 
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HY: PrPSc with HY TME migration pattern, DY: PrPSc with DY TME migration 
pattern, DY/HY: PrPSc with migration intermediate to DY and HY TME, UN: 
uninfected hamster brain homogenate, UN + cells: uninfected hamster brain 
homogenate supplemented with RK13 cells expressing hamster PrPC., na: not 
applicable 
 

Table 6.1. PMCA strain interference supplemented with RK13 	  
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hamster brain homogenate (Figure 6.9 A, B). Further investigation is necessary 

to determine what is causing this inhibitory effect. 

          We then analyzed the PMCA samples using Western blot analysis with the 

monoclonal antibody L42. In all 4 rounds of PMCA, no PrPSc was detectable in 

the normal uninfected substrate (Figure 6.9, Table 6.1), which was to be 

expected since the PrPSc generated from normal hamster PrPC does not contain 

the L42 epitope. Only PrPSc generated from the RK13 cell PrPC in the uninfected 

hamster brain homogenate supplemented with RK13 cells was detectable via 

L42. After one round of PMCA, the PrPSc in the 500 µg eq DY/ 5 µg eq HY 

mixture had a migration and banding pattern similar to the 500 µg eq DY control 

(Figure 6.10A, table 6.1). Interestingly, in round 2 the banding pattern and 

migration of PrPSc in the 500 µg eq DY/ 5 µg eq HY mixture samples switched to 

being similar to the PrPSc in the HY 5 µg eq controls (Figure 6.10 A; table 6.1). 

This HY PrPSc banding pattern and migration was maintained for rounds 3 and 4 

(Figure 6.10 B; Table 6.1.). We hypothesize that the earlier change to HY 

migration in round 2 when probing with L42 antibody could indicate that the PrPC 

from the RK13 cells is helping HY PrPSc overcome the strain interference effect. 

 

6.2.D. Alteration of strain interference PMCA passage conditions 

 Another method that was used to attempt to increase the PrPC available 

for HY PrPSc conversion and overcome the strain interference effect was to alter 

the PMCA strain interference passage conditions. In PMCA strain interference, 

prior to the start of a new round of PMCA an aliquot of the previous round is  
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Figure 6.9. Addition of RK13 cells to PMCA substrate alters PrPSc formation. 
A) Western blot after one round of PMCA using 5 µg eq HY TME infected 
brain homogenate as infectious seed in either uninfected hamster brain 
homogenate (UN) or uninfected hamster brain homogenate supplemented 
with RK13 cells (UN + cells). Antibody used was 3F4. B) PrPSc amplification 
after one round of PMCA. Amplification calculated by dividing the signal 
intensity of PrPSc after PMCA by the starting PrPSc signal intensity. *: P <0.05. 
N = 3. 
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Figure 6.10. L42 antibody detection of PrPSc from PMCA strain interference 
supplemented with RK13 cells expressing hamster PrPC. A) Western blot analysis 
of rounds 1 and 2 of PMCA strain interference. Antibody used was L42. B) 
Western blot analysis of rounds 3 and 4 of PMCA strain interference. Antibody 
used was L42.  
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diluted into fresh PMCA substrate (Shikiya et al., 2010). Under normal conditions, 

the inter-round passage dilutions are as follows: for round 2, the round 1 material 

is combined 1:10 with fresh PMCA substrate, and for rounds 3 and 4, the 

previous round material is combined 1:2 with fresh PMCA substrate (Shikiya et 

al., 2010). We chose to alter the inter-round passage conditions to a 1:20 dilution 

of the previous round in fresh PMCA substrate. We hypothesized that this would 

allow HY PrPSc to have access to a greater amount of PrPC at the start of the 

round of PMCA. We used 10% w/v uninfected hamster brain homogenate as the 

PMCA substrate, and had starting samples that were seeded with 500 µg eq DY 

TME brain homogenate combined with 5 µg eq HY TME brain homogenate (500 

µg eq DY TME/ 5 µg eq HY TME), 500 µg eq DY TME brain homogenate alone, 

and 5 µg eq HY TME brain homogenate alone.  After three rounds of PMCA 

using 1:20 passages between each round, we analyzed the samples via Western 

blot analysis to determine the migration of the PrPSc.  As expected, after one 

round of PMCA the migration of the unglycosylated band of the PrPSc generated 

in the 500 µg eq DY TME/ 5 µg eq HY TME samples was similar to the DY PrPSc 

controls (19 kDa) (Figure 6.11 A; Table 6.2). After the second round of PMCA, 

the PrPSc in the 500 µg eq DY TME / 5 µg eq HY TME samples that had been 

passaged 1:10 continued to have migration like that of DY controls (Figure 6.11 

B, lane 2; Table 6.2), however the samples in the 1:20 passage migrated as an 

intermediate between HY and DY PrPSc (Figure 6.11 B, lane 5; Table 6.2). By the 

third round of PMCA, the PrPSc in the 500 µg eq DY TME/ 5 µg eq HY TME 

samples passaged 1:20 migrated like HY PrPSc controls (21 kDa) (Figure 6.11 C, 
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Figure 6.11. PMCA strain interference using modified inter-round passage 
conditions. A) Western blot of round 1 PMCA strain interference. B) Western 
blot of round 2 PMCA strain interference passaged either 1:10 or 1:20. C) 
Western blot of round 3 PMCA strain interference passaged either 1:2 or 1:20. 
Antibody used for Western blots was 3F4. 
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HY TME migration pattern, DY: PrPSc with DY TME migration pattern, 
DY/HY: PrPSc with migration intermediate to DY and HY TME.  
 

Table 6.2 PMCA strain interference using modified inter-round passages	  
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lane 5; Table 6.2), while the 1:2 passaged samples migrated like and 

intermediate of HY and DY PrPSc (Figure 6.11 C, lane 2; Table 6.2). This 

indicated that the change to 1:20 passage conditions helped HY PrPSc overcome 

the strain interference effect and emerge at an earlier round of PMCA.  

 

6.2.E. Other methods to increase PrPC in PMCA strain interference  

 Besides the addition of RK13 cell lysate and the alteration of PMCA passage 

conditions, we have investigated other means of increasing the PrPC content of 

PMCA substrate. One option is to utilize concentrated uninfected hamster brain 

homogenate. Under typical PMCA conditions, we utilize 10% w/v uninfected 

hamster brain homogenate, but homogenization of brains at a concentration of 

20% w/v doubles the brain content per volume of homogenate and increases the 

PrPC content (Figure 6.12). Preliminary experiments have utilized the 20% w/v 

uninfected hamster brain homogenate in PMCA with HY and DY TME as the 

infectious seed. For PMCA using DY TME at a starting concentration of 500 µg 

eq, the amplification of PrPSc was reduced when the 20% w/v uninfected hamster 

brain homogenate was used as the substrate (Figure 6.13 A, Lanes 7-12; Figure 

6.13 B) relative to the amplification when the 10% w/v homogenate was used as 

substrate (Figure  6.13 A, Lanes 1-6; Figure 6.13 B). When 500 µg eq of HY TME 

was used as the infectious seed, we obtained similar results as the DY PMCA 

with the 20% w/v homogenate serving as a less efficient substrate (Figure 6.14 A, 

Lanes 7-12; Figure 6.13 B) than the 10% w/v homogenate (Figure 6.14 A, Lanes 

1-6; Figure 6.14 B). The PrPSc  
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Figure 6.12. PrPC content of 10 and 20% w/v uninfected hamster brain 
homogenates. A) Western blot of 10 and 20% w/v uninfected hamster brain 
homogenates B) Relative PrPC intensity of the 10 and 20% uninfected hamster 
brain homogenates. N = 3. 
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Figure 6.13. Amplification of DY PrPSc using 10 or 20% w/v brain 
homogenate as PMCA substrate. A) Western blot after one round of 
PMCA using 500 µg eq DY TME infected brain homogenate as infectious 
seed in either 10 or 20% w/v uninfected hamster brain homogenate. B) 
PrPSc amplification after one round of PMCA. Amplification calculated by 
dividing the signal intensity of PrPSc after PMCA by the starting PrPSc 
signal intensity. N = 3 
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Figure 6.14. Amplification of HY PrPSc using 10 or 20% w/v brain homogenate 
as PMCA substrate. A) Western blot after one round of PMCA using 500 µg 
eq of HY TME infected brain homogenate as infectious seed in either 10 or 
20% w/v uninfected hamster brain homogenate. B) PrPSc amplification after 
one round of PMCA using 500 µg eq of HY TME as seed. Amplification 
calculated by dividing the signal intensity of PrPSc after PMCA by the starting 
PrPSc signal intensity. N = 3.  C) Western blot after one round of PMCA using 
5 µg eq of HY TME infected brain homogenate as infectious seed in either 10 
or 20% w/v uninfected hamster brain homogenate. D) Relative PrPSc signal 
intensity after one round of PMCA using 5 µg eq. of HY TME as seed. N = 3 
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accumulation when 20% w/v uninfected homogenate was used as substrate was 

even further reduced compared to controls when 5 µg eq of HY TME was used 

as the infectious seed (Figure 6.14 C and D). Based upon these results, 20% w/v 

uninfected hamster brain homogenate would not be a viable option for increasing 

the PrPC content in PMCA strain interference, but further investigation is 

necessary.  

 A second option to increase the PrPC content in PMCA strain interference 

is to use brain homogenate from transgenic uninfected mice that express 

hamster PrPC (Tg7 on C57BL/10 background). Transgenic mouse brains were 

obtained from the laboratory of Dr. Bruce Chesebro, and the hamster PrPC 

content in the transgenic mouse brain homogenate was shown to be 

approximately 3-fold higher than the PrPC content in uninfected hamster brain 

homogenate (Figure 6.15). Previous studies have demonstrated that the PrP 

knockout (PrP-/-) mouse brain homogenate can support hamster PrPSc 

conversion when it is supplemented with purified hamster PrPC (Deleault et al., 

2010), so we predicted that the transgenic mouse brain homogenate would also 

support hamster PrPC conversion. For our preliminary experiments, we utilized 

uninfected hamster brain homogenate, uninfected transgenic mouse brain 

homogenate, and a 50:50 mixture of the hamster and transgenic mouse brain 

homogenates as the substrates for PMCA. When DY TME (500 µg eq) was used 

as the seed in PMCA, DY PrPSc converted in the transgenic mouse homogenate 

(Figure 6.16 A, lane 8-9; Figure 6.16 B), the hamster homogenate (Figure 6.16 

A ,lane 4-5; Figure 6.16 B), and in the mixed homogenate (Figure 6.16 A, lane 6- 
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Figure 6.15. PrPC content uninfected hamster brain homogenate and transgenic 
mouse brain homogenate. A) Western blot of uninfected hamster brain 
homogenate (UN) and uninfected transgenic mouse brain homogenate 
expressing hamster PrPC (TgHa). B) Relative PrPC intensity of UN and TgHa 
homogenates. N = 2.  
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Figure 6.16. Amplification of DY and HY PrPSc using transgenic mouse brain 
homogenate as PMCA substrate. PMCA substrate is uninfected hamster 
brain homogenate (UN), uninfected transgenic mouse brain homogenate 
expressing hamster PrPC (TgHa), or a 50:50 mixture of UN and TgHa, A) 
Western blot after one round of PMCA using 500 µg eq of DY TME infected 
brain homogenate as infectious seed. B) PrPSc amplification after one round 
of PMCA using 500 µg eq of DY TME as seed. Amplification calculated by 
dividing the signal intensity of PrPSc after PMCA by the starting PrPSc signal 
intensity. N = 2 C) Western blot after one round of PMCA using 5 µg eq of 
HY TME infected brain homogenate as infectious seed. D) Relative PrPSc 
signal intensity after one round of PMCA using 5 µg eq of HY TME as seed. 
N = 2.  
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7; Figure 6.16 B). Interestingly, when HY TME (5 µg eq) was utilized as the 

starting seed, the PrPSc accumulation in both the transgenic mouse homogenate 

and the mixed transgenic mouse/hamster homogenate (Figure 6.16 C, lanes 6-9; 

Figure 6.16 D) was greatly reduced compared to the accumulation of PrPSc in the 

hamster brain homogenate (Figure 6.16 C, lane 4-5; Figure 6.16 D), similar to 

what was observed when using 20% w/v hamster brain homogenate versus 10% 

w/v homogenate. As with the 20% w/v hamster brain homogenate, based upon 

these results the transgenic mouse brain homogenate containing hamster PrPC
 

would not be a viable substrate for PMCA strain interference. Further 

experiments are necessary to better characterize the amplification of PrPSc in the 

transgenic mouse homogenate.  

 

6.3 Discussion 

 
         The PrPC in the lysate of RK13 cells supported PrPSc conversion, indicating 

that the mutation of amino acid 144 did not inhibit the converting potential of the 

protein (Figure 6.6). Both HY and DY PrPSc conversion was supported by the 

PrPC from the cells, which is consistent with previous studies using RK13 cells 

expressing wild type hamster PrPC (Mays et al., 2011). When RK13 cell lysate 

was added to uninfected hamster brain homogenate, it increased the PrPC 

content of the homogenate and hypothetically gave HY PrPSc access to a higher 

concentration of free PrPC during strain interference. However, following four 

rounds of PMCA strain interference using RK13 supplemented substrate, we did 

not see a change in the emergence of HY PrPSc compared to samples using un-



	  

	   151	  

supplemented uninfected hamster brain homogenate when we analyzed the 

samples using the 3F4 antibody, indicating that the increased PrPC content did 

not help HY TME overcome the strain interference effect. One explanation for 

these results is that PrPC is not being sequestered by the blocking strain and is 

not a limiting factor in strain interference. If PrPC is not the limiting factor in strain 

interference that HY and DY PrPSc compete for, other possibilities include host 

polyanions such as phospholipids and GAGs.  An alternative explanation is that 

the method of adding RK13 cells to the PMCA substrate is not a viable means to 

add additional PrPC. The round one amplification of PrPSc in the 5 µg eq HY TME 

controls was inhibited when uninfected hamster brain homogenate supplemented 

with RK13 cell lysate was used as PMCA substrate compared to the amplification 

in un-supplemented uninfected hamster brain homogenate. One possible 

explanation for this inhibition is that the addition of the RK13 cell contents has 

oversaturated the PMCA system and may be preventing interaction between 

PrPC and PrPSc. An alternative explanation is that the centrifugation step used to 

remove cell debris after combining RK13 cells with uninfected hamster brain 

homogenate may be removing cofactors necessary for PrPSc conversion. These 

centrifugation conditions were chosen because they are the same conditions 

used to remove cell debris following homogenization of uninfected hamster brain 

homogenate, so it is possible that a loss of cofactors is due to them being bound 

by the RK13 cell debris rather than due to the centrifugation process itself.  

 Western blot analysis of the PMCA strain interference samples using the 

L42 antibody yielded interesting results. The PrPSc migration in the 500 µg eq DY 
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TME/ 5 µg eq HY TME samples had a migration like DY PrPSc following the first 

round of PMCA. However after round 2, the migration became like that of HY 

PrPSc, which is in contrast to the Western blots using 3F4 antibody where it took 

until round 4 to observe HY PrPSc migration. One explanation for observed HY 

PrPSc migration at an earlier round of PMCA when using the L42 antibody versus 

the 3F4 antibody is that HY PrPSc has overcome the strain interference effect due 

to the addition of PrPC from the RK13 cells. Other possible explanations are that 

the addition of other cellular factors from the RK13 cell lysate might be aiding HY 

PrPSc conversion, or the PrPC from the RK13 cells might preferentially support 

HY PrPSc conversion over DY PrPSc. Alternatively, the use of RK13 cells and 

probing with L42 antibody might enable us to observe an earlier increase in the 

content of HY PrPSc in the samples that is not able to be resolved when using the 

3F4 antibody. 

When the inter-round passage conditions for strain interference PMCA 

were altered to 1:20 for each round, HY TME appeared to emerge at an earlier 

round indicating that the strain interference effect had been overcome. One 

explanation for this result is that the altered passage conditions gave HY PrPSc 

access to more PrPC at the start of each round.  An alternative explanation is that 

the altered passage conditions gave HY PrPSc access to a greater concentration 

of a different conversion factor present in the brain homogenate. Further studies 

are necessary to determine what factor enabled HY to overcome the strain 

interference effect. 
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We investigated the use of 20% w/v uninfected homogenate as the PMCA 

substrate in place of 10% w/v homogenate as a means to increase the PrPC 

content. Although the PrPC content was higher in the 20% w/v homogenate, 

conversion of both DY and HY PrPSc was inhibited in the 20% w/v homogenate 

substrate compared to conversion in the 10% w/v homogenate substrate controls. 

For HY PrPSc conversion, the inhibition was more pronounced when the starting 

concentration of HY TME was 5 µg eq versus a starting concentration of 500 µg 

eq. A possible explanation for the inhibited conversion is that the 20% w/v 

homogenate was too concentrated with cellular components present in the brain 

homogenat that it inhibited the interaction between PrPSc and PrPC.  

Another potential means to increase the PrPC content of the PMCA 

substrate is to use brain homogenate from transgenic mice that overexpress 

hamster PrPC. Our results showed that this homogenate contained 3-fold higher 

levels of PrPC than uninfected hamster brain homogenate. This transgenic 

mouse brain homogenate supported high levels of DY PrPSc conversion in PMCA, 

even when it was diluted with PrPC knockout brain homogenate. Interestingly, HY 

PrPSc conversion was inhibited in the transgenic brain homogenate compared to 

conversion in uninfected hamster brain homogenate.  The starting concentrations 

of DY and HY TME varied for these experiments (500 µg eq and 5 µg eq 

respectively), so further studies are necessary to fully characterize the 

amplification of these two strains in the transgenic mouse brain homogenate.  

Previous studies have used uninfected homogenate from the same line of 

transgenic mice as substrate for for DY and HY PrPSc conversion in PMCA with 
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no apparent inhibition of conversion (Moudjou et al., 2013). However, the PMCA 

conditions used in these studies were different from our own, with the samples 

being held in a microplate rather than PCR tubes and the sonication being longer 

in duration and higher in power (Moudjou et al., 2013). Also, the HY and DY 

infectious seed for our experiments came from infected hamster brain 

homogenates, whereas Moudjou et al used homogenate from transgenic mice 

infected with HY and DY TME for their infectious seeds (Moudjou et al., 2013). 

Together these differences in PMCA conditions could account for the 

discrepancies in HY PrPSc conversion between our studies and theirs.  
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CHAPTER 7: THESIS SUMMARY AND FUTURE DIRECTIONS 

 

7.1 Summary 

 We hypothesized that the hamster prion strain 139H could serve as a 

blocking strain in prion strain interference. The results of chapter 3 showed that 

139H PrPSc was transported to the same regions of the CNS as HY PrPSc 

following sciatic nerve inoculation. The 139H PrPSc was not detected in the CNS 

at 25 days p.i., but was detected at 50 days p.i. and became more widespread at 

75 and 100 days p.i.. The 139H PrPSc likely traveled retrogradely along the 

reticulospinal, vestibulospinal, rubrospinal and corticospinal tracts. We also 

showed in chapter 3 that 139H can serve as a blocking strain in prion strain 

interference. When five animals were inoculated via the sciatic nerve with 139H 

followed by inoculation with HY TME 75 days later, four out of the five animals 

developed 139H clinical signs and had an incubation period similar to 139H, 

indicating that strain interference had occurred and 139H was an effective 

blocking strain. The fifth animal in the 75 day interval group and all of the animals 

int the 50 and 25 day interval groups had HY TME clinical signs and incubation 

periods, suggesting that strain interference had not occurred in these animals. All 

of the animals in the strain interference experiments had PrPSc in their brains at 

the clinical stage of disease.  

 In previous hamster strain interference studies, the predominant strain in 

the brains of the co-infected animals at the clinical stage of disease is determined 

via PrPSc migration. The PrPSc of the strains used in our current studies, 139H 
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and HY TME, have similar migration so we had to identify other assays to 

distinguish between these two strains. In Chapter 4 we showed that 139H and 

HY PrPSc could be distinguished via 24-hour digestion with PK and 

conformational stability assays utilizing guanidine HCl or SDS. The SDS 

conformational stability assay was able to identify mixtures of 139H and HY 

PrPSc, and was chosen as the assay to identify the type of PrPSc present in the 

brains of the strain interference animals from Chapter 3. Using this assay, we 

determined that in the four 75 day interval group animals with 139H clinical signs, 

the PrPSc stability was similar to 139H PrPSc. For the one animal in the 75 day 

interval group with HY TME clinical signs, the PrPSc stability was similar to HY 

PrPSc. In the 50 day interval group, the brains of the hamsters contained PrPSc 

that had stability similar to 139H PrPSc, or PrPSc that had and intermediate 

stability that was not similar to HY or 139H PrPSc. The animals in the 25 day 

interval group had PrPSc that was either similar to HY PrPSc or intermediate 

between HY and 139H PrPSc.  We hypothesize that the intermediate 

conformational stability represents a mixture of HY and 139H PrPSc present in 

the brains of these animals.  

 In Chapter 5, we showed that RNase digestion of PMCA substrate 

inhibited HY and DY PrPSc propagation, indicating that these strains require RNA 

for efficient conversion. Synthetic poly(A) RNA was shown to be an effective 

prion conversion cofactor based upon its use to rescue of HY PrPSc conversion in 

RNase-digested PMCA substrate. We hypothesized that during prion strain 

interference, RNA is sequestered by DY PrPSc, preventing its use by HY PrPSc 
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for conversion and thereby inhibiting the emergence of HY TME. To investigate 

this we supplemented PMCA strain interference substrate with synthetic poly(A) 

RNA to give HY PrPSc access to more free RNA. We predicted that if RNA was 

the limiting factor in prion strain interference, supplementation with RNA would 

cause the PrPSc in the strain interference samples to migrate like HY PrPSc at an 

earlier round of PMCA compared to controls not supplemented with RNA. We did 

not see a difference in PrPSc migration in our experimental group compared to 

our controls, so based upon these results we concluded that RNA is not involved 

in prion strain interference. This suggests that another host factor such as PrPC, 

phospholipids, or GAGs is the limiting factor in prion strain interference.  

 We hypothesized that PrPC might play a role in prion strain interference 

and be the factor sequestered by DY PrPSc. To investigate this, we made use of 

rabbit kidney epithelial cells (RK13) engineered to express hamster PrPC. This 

hamster PrPC was detectable using the 3F4 antibody typically used for hamster 

PrPC analysis, but it also reacted with the L42 antibody due to a mutation in 

amino acid 144. Hamster PrPC is not normally detectable via L42 antibody, 

making the RK13 cell PrPC a useful tool to identify newly converted PrPSc. In 

chapter 6 we showed that RK13 cell PrPC converts to both HY and DY PrPSc , 

which indicated that we could use the RK13 cells as a source of PrPC for our 

strain interference experiments.  

We supplemented uninfected hamster brain homogenate with RK13 cell 

lysate in order to increase the PrPC content of the PMCA substrate. As with our 

RNA experiments, we predicted that if PrPC was the limiting factor in prion strain 
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interference, the PrPSc in the strain interference samples supplemented with 

PrPC would migrate like HY PrPSc at an earlier round of PMCA compared to 

controls. When we performed Western blot analysis of our strain interference 

samples using the 3F4 antibody, we did not observe a difference in the 

emergence of HY PrPSc migration in the cell-supplemented substrate versus the 

control substrate. Based upon these results, the addition of RK13 cell lysate did 

not help HY TME overcome strain interference, which suggested that PrPC is not 

involved in strain interference. Alternatively, the supplementation of PMCA 

substrate with whole cell lysate from the RK13 cells may not have been a viable 

means of adding PrPC , based upon the observation that HY PrPSc conversion 

was inhibited in our HY TME only controls when the PMCA substrate was 

supplemented with RK13 cells compared to the conversion in substrate not 

supplemented with RK13 cells.  When we analyzed our PMCA strain interference 

samples using the L42 antibody, we observed that the PrPSc migrated like HY 

PrPSc at an earlier round of PMCA than observed with the 3F4 antibody. These 

results suggest that the addition of PrPC from the RK13 cells has helped HY 

PrPSc overcome the strain interference effect. Alternatively, PrPC from the RK13 

cells might preferentially support HY PrPSc conversion, or the use of the L42 

antibody might enable us to observe an earlier increase in HY PrPSc content that 

is not able to be resolved when using the 3F4 antibody. 

 In Chapter 6 we also investigated other means of increasing the PrPC 

content in our PMCA strain interference. One method was to alter the inter-round 

passage conditions. The previously used passage conditions for PMCA strain 
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interference are a 1:10 passage for R2 and 1:2 passages for each subsequent 

round. By changing the passage conditions to 1:20 for each round, we increased 

the concentration of fresh PrPC that HY PrPSc would have access to at the start 

of each round. Using these new passage conditions, we observed HY PrPSc 

emerging at an earlier PMCA round compared to controls, indicating that HY 

TME had overcome the strain interference effect. We interpret these results as 

an indication that PrPC is a limiting factor in prion strain interference. An 

alternative explanation is that HY PrPSc has access to a higher concentration of 

another factor in the brain homogenate, and that this factor is instead involved in 

prion strain interference. We also investigated the potential for 20% w/v 

uninfected hamster brain homogenate or transgenic mouse brain homogenate 

overexpressing hamster PrPC to serve as substrates with increased PrPC content 

in PMCA strain interference. Based upon our preliminary results, neither of these 

substrates would be a viable source of additional PrPC based upon the greatly 

reduced HY PrPSc conversion in these substrates compared to controls.  

 

7.2 Future directions 

 To further investigate the role of PrPC in strain interference, we could use 

purified PrPC to supplement the PMCA strain interference substrate. This would 

eliminate the possibility of other factors being added to the strain interference 

system that could have either a positive or negative effect on PrPSc conversion. 

The PrPC could be purified from uninfected hamster brain homogenate or from 

RK13 cells expressing hamster PrPC using the method previously described by 
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Geoghegan et al. (Geoghegan et al., 2007). This method involves filtration 

through various purification columns in order to isolate PrPC from the other 

components of brain homogenate or cell lysate, and the isolated PrPC can 

successfully be converted to PrPSc in PMCA (Geoghegan et al., 2007). Following 

addition of purified PrPC to uninfected hamster brain homogenate, we would 

perform strain interference PMCA as described in Chapter 6 and determine if the 

addition of the PrPC would help HY PrPSc emerge at an earlier round of PMCA.  

Another means to investigate the role of PrPC in strain interference in vitro 

would be to reduce the PrPC abundance of uninfected brain homogenate using 

uninfected PrP-/- mouse brain homogenate. PrP-/- mouse brain homogenate 

supports conversion of hamster prion strains, so using it as the diluent would 

ensure that the only host factor diminished is PrPC. We predict that if PrPC was 

involved in prion strain interference, then reducing the PrPC content would 

increase the interference effect and cause HY PrPSc to emerge at a later round of 

PMCA compared to controls. 

 If RNA and PrPC are not the host factors involved in prion strain 

interference, other potential host factors include anionic phospholipids and GAGs. 

To investigate the role of GAGs in strain interference, we would first determine if 

HY and DY PrPSc conversion utilizes GAGs. To accomplish this we would 

deplete the GAG content of uninfected hamster brain homogenate using 

heperinase I, heperinase III, or chondroitinase as previously described (Lawson 

et al., 2010). This GAG depleted homogenate would then be used as PMCA 

substrate using HY and DY TME infected brain homogenate as seed. If the 
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amplification of HY and DY PrPSc was diminished in GAG depleted homogenate 

compared to controls, we would then determine if supplementation with GAGs 

such as chondroitin sulfate or heparan sulfate could rescue conversion in the 

GAG depleted substrate.  Next, GAGs would be added to uninfected hamster 

brain homogenate, and the GAG supplemented brain homogenate would be 

used as the substrate in PMCA strain interference. As with our previous 

experiments we would determine if the addition of GAGs helped HY PrPSc 

overcome the strain interference effect by determining if PrPSc migrated like HY 

PrPSc at an earlier round of PMCA compared to controls.  

Future studies could investigate the role of anionic phospholipids in prion 

strain interference. The first step in these studies would be to investigate the use 

of anionic phospholipids as a HY and DY PrPSc conversion cofactor. Treatment 

of PMCA substrate with phospholipase C cleaves phospholipids, and has been 

shown to inhibit PrPSc propagation (Deleault et al., 2012a). Uninfected hamster 

brain homogenate could be treated with phosholipase C and then used as 

substrate in PMCA with HY and DY TME to determine if phospholipids are 

necessary for HY and DY PrPSc conversion. Purified phospholipids could then be 

added to the phospholipase C treated PMCA substrate to try to rescue PrPSc 

conversion. The phospholipid PE has been previously shown to support PrPSc 

conversion (Deleault et al., 2012a; Shikiya et al., 2010) and would be the most 

likely candidate for addition to PMCA. For strain interference experiments, PE 

could be added to uninfected hamster brain homogenate, which would then be 

used as substrate in PMCA strain interference. As with our previous experiments 
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we would determine if the addition of PE helped HY PrPSc overcome the strain 

interference effect by determining if PrPSc migrated like HY PrPSc at an earlier 

round of PMCA compared to controls. 
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