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Abstract 

Prion diseases are zoonotic transmissible neurodegenerative disorders of 

animals, including humans. The causative agent is PrPSc, a misfolded isomer of 

the normal cellular prion protein, PrPC. Prions can persist in the environment after 

adsorption to surfaces including soils, feeding troughs, or fences. In naturally 

occurring prion disease, multiples strains have been identified and can co-exist in 

an individual host. Strain- and soil-specific differences in prion adsorption, 

infectivity, and response to inactivation may be involved in emergence of new 

strains in a population. It is unknown how environmental factors can influence 

prion strain emergence. We hypothesize that enzymatic degradation, surface 

adsorption, and natural weathering can alter prion strain emergence from a 

mixture. 

We used proteinase K (PK) to selectively alter the ratio of HY and DY 

PrPSc. Extensive PK digestion of HY and DY PrPSc resulted in a relatively greater 

reduction of DY PrPSc compared to HY PrPSc. Use of the PK digested material in 

protein misfolding cyclic amplification strain interference (PMCAsi) resulted in an 

earlier emergence of HY PrPSc compared to undigested controls. This result 

established that strain-specific alteration of the starting ratios of conversion 

competent HY and DY PrPSc by can alter strain emergence.  

We then investigated whether environmentally relevant factors such as 

surface binding and weathering could alter strain emergence. Adsorption of HY 

and DY PrPSc to silty clay loam (SCL) both separately and together, did not alter 

strain emergence compared to unbound control PMCAsi reactions. Similarly, we 
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found that repeated cycles of wetting and drying of HY and DY PrPSc bound to 

SCL did not alter the emergence of HY PrPSc compared to untreated control 

reactions. Interestingly, we found that drying of adsorbed protein to SCL could 

restore its ability to interfere with the emergence of HY, identifying a novel strain 

interference mechanism. Drying protein to SCL could “recharge” the surface for 

further adsorption, providing a potential mechanism for the observed interference 

effect. This data indicates that prion strain interference can occur when bound to 

surfaces and is of high significance since surface bound prions exposed to 

weathering may play an important role in natural transmission. 
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CHAPTER 1: Introduction 

 

1.1 Definition of prion diseases 

 Prion diseases, otherwise known as transmissible spongiform 

encephalopathies (TSEs), are a class of neurodegenerative disorders affecting 

animals, including humans, and with no effective treatments, are inevitably fatal 

(Bolton, 1982; Prusiner, 1982a). The diseases are named for the characteristic 

spongiform appearance of infected brains. Symptoms of prion diseases are 

associated with damage to the central nervous system (CNS) leading to motor 

and/or cognitive decline. Typical clinical signs of TSEs include ataxia, myoclonus, 

dysphagia, and progressive dementia. TSEs are characterized by long incubation 

periods followed by a relatively short duration of clinical signs that ultimately lead 

to death.  

 

1.2 Prion-like nature of other protein-misfolding diseases 

1.2.1 Mechanism of conversion 

Alzheimer’s disease, synucleinopathies, and tauopathies are marked by 

the misfolding and aggregation of amyloid-β (Aβ; a peptide derived from the host 

cellular amyloid precursor protein (APP)), α-synuclein protein (α-syn), and tau 

protein, respectively. Experimentally, these diseases can be transmitted by 

inoculating animals with the prion form of the precursor protein (Guo, 2016b; 

Stohr, 2014; Watts, 2013). Although these protein-misfolding disorders have both 

inherited and sporadic etiologies, evidence for infectious or iatrogenic 
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transmission had not been described. Deposition of Aβ was described in the 

CNS of individuals with Creutzfeldt-Jakob disease (CJD) that received cadaver-

derived human growth hormone (c-hGH) contaminated with PrP prions, 

suggesting that Aβ was a second contaminant (Jaunmuktane, 2015). Significant 

amounts of tau, Aβ42 and Aβ40 were present in archived c-hGH vials, and this 

material could transmit disease when intracerebrally inoculated into transgenic 

mice expressing a mutant, humanized amyloid precursor protein (Purro, 2018). 

This recent evidence suggests that iatrogenic transmission of Alzheimer’s 

disease (AD) is possible.  

 

1.2.2 Cell-to-cell spread 

There is growing evidence that many neurodegenerative protein-

misfolding diseases such as AD, synucleinopathies, and tauopathies share a 

similar mechanism of self-propagation via cell-to-cell spreading of a normal host 

protein in a prion state (Freundt, 2012). PrPSc, tau, and α-synuclein travel via 

transsynaptic transport along neuroanatomical pathways (Desplats, 2009; 

Fehlinger, 2017; Hijazi, 2005; Holmes, 2013). In cell culture models, PrPSc prions 

can travel cell-to-cell via exosomes (Fevrier, 2004; Guo, 2016a) and tunneling 

nanotubules (Gousset, 2009).  

 

1.2.3 Evidence for strains in other protein-misfolding diseases 

Like TSEs, structural heterogeneity of Aβ corresponds to varying clinical 

presentations of AD (Condello, 2018). Posterior cortical atrophy AD (PCA-AD) 
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results in progressive disruption of visual processing, while rapidly progressing 

AD (rp-AD) presents with rapid neurodegeneration that clinically resembles 

Creutzfeldt-Jakob disease (Tang-Wai, 2004; Schmidt, 2012). Analysis of patient 

tissue samples of PCA-AD and rp-AD indicated that PCA-AD resembled typical 

AD with a predominant Aβ40 fibril structure; however, Aβ40 fibril structure made 

up more than fifty percent of rp-AD samples (Qiang, 2017). Arctic AD and 

Swedish AD mutations maintain distinct properties when propagated in mice, 

with sporadic AD resembling Swedish AD and, therefore, may be a mixture of the 

two strains (Watts, 2014).  

Filamentous tau inclusions, otherwise known as neurofibrillary tangles, are 

a hallmark pathology of AD and other tauopathies (Lee, 2001). Using a non-

transgenic mouse model, Guo et al. determined that AD-tau variants can 

differentially seed tau pathology after intracranial inoculation (Guo, 2016b). To 

confirm structural differences, fibrils were treated with trypsin, resulting in three 

distinct trypsin-resistant fragments (Guo, 2016b). Inoculating non-transgenic 

mice with tau from AD, corticobasal degeneration (CBD), or progressive 

supranuclear palsy (PSP) resulted in differences in seeding activity and cellular 

tropism between the three tau strains (Narasimhan, 2017). The strains also 

showed varying resistance to guanidinium hydrochloride (GdnHCl) denaturation 

with CBD-tau, AD-tau, and PSP-tau having the lowest to highest stability, 

respectively (Narasimhan, 2017).  

The prion form of α-synuclein is the causative protein for many 

neurodegenerative disorders including Parkinson’s disease (PD), dementia with 
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Lewy bodies, and multiple system atrophy (MSA). There is ample evidence to 

suggest that these synucleinopathies are caused by distinct α-synuclein strains. 

Synthetic α-synuclein fibrils generated under varying salt concentrations form 

distinct conformations with differences in seeding ability and toxicity in vivo and in 

vitro (Bousset, 2013; Peelaerts, 2015). Recombinant α-synuclein formulations 

varied in their ability to cross-seed tau aggregation in cell culture and in vivo, and 

proteinase K digestion resulted in conformational differences between the 

synthetic α-synuclein as well as two distinct banding patterns for α-synuclein 

isolated from Parkinson’s disease with dementia (PDD) patient brains (Guo, 

2013). In vitro seeding assays utilizing a cell line that readily propagates MSA α-

synuclein were not susceptible to α-synuclein from PD patient brains suggesting 

that PD contains a different strain of α-synuclein (Woerman, 2015). These 

biochemical features mimic those of PrP prion diseases and include differences 

in biochemical features, neuropathology, incubation period, and clinical 

manifestation of disease (Bousset, 2013; Guo, 2013; Guo, 2016b; Narasimhan, 

2017). While compelling experimental evidence suggests that there are different 

strains of α-synucleinopathy, the prevalence of strains coexisting in a single brain 

is unknown. 

 

1.3 Animal prion diseases 

Prion diseases of animals include scrapie in sheep and goats, 

transmissible mink encephalopathy (TME) in mink, bovine spongiform 
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encephalopathy (BSE) in cattle, and chronic wasting disease (CWD) in cervids. 

Several strains have been discovered in each species’ respective prion disease. 

 

1.3.1 Scrapie 

The first identification of scrapie dates back 200 years to the United 

Kingdom (UK) (Comber, 1772). In the early 1900s, louping-ill vaccine was made 

from a suspension of spleen, brain, and spinal cord from infected sheep, and 

farmers noticed their sheep were becoming ill with scrapie (Gordon, 1946; Greig, 

1950). Scrapie is named for the severe pruritus that is seen in affected sheep 

and goats; these animals also are noted to have weakness and ataxia. Passage 

of scrapie brain material to Syrian golden hamsters resulted in the identification 

of multiple strains (Kimberlin and Walker, 1977; Kimberlin and Walker, 1978).   

 

1.3.2 TME 

Transmissible mink encephalopathy was first identified in ranch raised 

mink in Wisconsin in 1965 (Marsh, 1968). Clinical symptoms included decreased 

grooming, excitability, ataxia, self-mutilation, seizures, and dysphagia (Liberski, 

2009). It was hypothesized that the TME outbreak was a result of mink being fed 

BSE contaminated feed (Marsh, 1991; Robinson, 1994). 

 

1.3.3 BSE 

BSE in cattle was first identified in the UK in 1985 (Wells, 1987). Since its 

identification, nearly 200,000 cattle have been diagnosed with the disease 
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worldwide, and over 4 million cattle have been culled in the UK in an attempt to 

eradicate the disease (Aguzzi, 2013). Common clinical signs of BSE include 

increased alertness, hypersensitivity to sound and/or touch, panicked responses, 

reduced milk yield, teeth grinding, and overall general change in temperament 

(Saegerman, 2004). Multiple strains of BSE exist being characterized as classical 

BSE (C-type) or atypical BSE, H- or L-type (Jacobs, 2007). Atypical BSE strains 

were identified in asymptomatic older cattle showing suggesting a sporadic 

etiology (Biacabe, 2004; Brown, 2006; Casalone, 2004). BSE is zoonotic to 

multiple species, including humans. 

 

1.3.3a Feline spongiform encephalopathy and zoo animals 

 Shortly after the BSE outbreak, zoological animals and domestic felines 

were identified with spongiform encephalopathies. A variety of zoo animals 

including ruminants, non-human primates, and felines were diagnosed with 

spongiform encephalopathies between 1985 and 1998 after the initial BSE 

outbreak (Bons, 1999; Kirkwood and Cunningham, 1994; Sigurdson and Miller, 

2003). Primate diets included supplements likely contaminated with BSE, and 

lemurs experimentally infected with BSE developed disease similar to the 

naturally infected zoological lemurs (Bons, 1999). The first case of domestic 

feline spongiform encephalopathy was identified in a British cat in 1990. 

Additional cases were subsequently identified throughout Europe, suggesting 

disease was a result of BSE contaminated food. These observations led to a ban 

of bovine spleen and CNS tissue in pet food and the diets of zoological animals 
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(Aldhous, 1990; Ryder, 2001). Brain homogenates from a variety of infected 

zoological animals were experimentally inoculated into mice that later developed 

disease and had lesion profiles, the location and severity of spongiosis in the 

brain, that were almost identical to BSE infected mice (Bruce, 1994; Fraser, 

1994). 

 

1.3.4 CWD 

Chronic wasting disease was first identified in 1967 in captive mule deer in 

a Colorado facility (Williams and Young, 1980). Infected cervids presented with 

signs of dehydration, excessive salivation, ataxia, loss of fear of humans, teeth 

grinding, emaciation, and head drooping (Spraker, 1997). Since it’s identification, 

CWD has been detected in deer, elk, reindeer, and moose (Baeten, 2007; 

Benestad, 2016; Schwabenlander, 2013; Spraker, 1997). As of 2018, CWD is the 

only prion disease of undomesticated animals and has been identified in North 

America (United States Geological Survey: 

https://www.usgs.gov/centers/nwhc/science/chronic-wasting-disease), Europe 

(Benestad, 2016), and Asia (Sohn, 2002).  

Compared to other animal prion diseases, strain diversity of CWD is 

limited. Transgenic mouse models have allowed isolation and characterization of 

at least two strains, CWD1 and CWD2 (Angers, 2010). Others have measured 

strain prevalence by analyzing how PRNP polymorphisms affect susceptibility to 

prion infection. Johnson et al. established that specific polymorphisms lead to 

differences in incubation period and PrP electrophoretic mobility, glycosylation 
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ratio, and PK-sensitivity in white-tailed deer, however, these polymorphisms were 

not predictive of clinical disease course (Johnson, 2011). The PrPSc biochemical 

profile from these animals was also distinct from the CWD 1 and 2 isolated by 

Angers et al. (Johnson, 2011). PrPSc deposition was observed in lymphoid and 

nervous tissue regardless of PRNP genotype, but there were distinct differences 

in deposition pattern among various tissues (Otero, 2019). Passage of deer 

prions derived from varying genotypes in transgenic mice resulted in strains with 

distinct properties based on PRNP genotype (Duque Velasquez, 2015) 

 

1.4 Human prion diseases 

 Human TSEs include Creutzfeldt-Jakob disease (CJD), Fatal familial 

insomnia (FFI), Gerstmann-Sträussler-Scheinker disease (GSS), and Kuru.  

 

1.4.1 Creutzfeldt-Jakob disease  

The etiologic nature of prion diseases is unique among pathogens 

because it can be sporadic, inherited, or infectious/acquired. CJD can arise from 

all etiologies.  

 

1.4.1a Sporadic CJD (sCJD) 

 Eighty-five percent of all CJD cases are sporadic with a yearly incidence 

of 1-2 cases/million people (Mead, 2003). Clinically, the disease presents with 

rapidly progressive dementia, ataxia, along with visual and speech abnormalities 

(Imran and Mahmood, 2011). Throughout the course of disease, an individual will 
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develop tremors, rigidity, and increased agitation ultimately resulting in 

unresponsiveness at terminal stage (Belay, 1999). Polymorphisms in the PRNP 

gene are associated with predisposition to development of disease. 

Homozygosity at M129V (Palmer, 1991) and E219K (Shibuya, 1998a, b) are 

increased risk factors with the later only found in Asian and Pacific populations 

(Soldevila, 2003). While the disease arises sporadically, it can be experimentally 

transmitted to non-human primates (Herzog, 2005). 

 

1.4.1b Familial CJD 

Familial CJD (fCJD) is associated with the dominant inheritance of point 

mutations in the PRNP gene and is responsible for approximately 5-15% of all 

CJD (Imran and Mahmood, 2011). PRNP mutations associated with fCJD include 

E200K, 1210V, D178N, and V1801; the mutation frequency within populations 

varies worldwide (Gambetti, 2011; Nozaki, 2010).  

 

1.4.1c Iatrogenic CJD 

Iatrogenic CJD (iCJD) was first reported in 1974 in a patient that received 

a corneal transplant from a CJD patient (Duffy, 1974). Cases of iatrogenic CJD 

transmission can also occur via dura mater grafts (Thadani, 1988), corneal 

transplants (Heckmann, 1997), and CJD-contaminated surgical tools (Bernoulli, 

1977; Collins, 1999; Will and Matthews, 1982). Iatrogenic transmission of PrP 

prions has been documented via CJD contaminated cadaveric human growth 

hormone (c-hGH) (Koch, 1985) with an incidence of CJD among treated children 
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estimated to be 1 in 100 (Imran and Mahmood, 2011). The clinical features of 

CJD cases linked to c-hGH treatment resemble those of kuru, while the clinical 

features of CJD linked to dura mater grafts or contaminated surgical tools appear 

like sCJD (Will, 2003). 

 

1.4.1d Variant CJD 

 In 1996, the first cases of variant CJD (vCJD) were identified in the UK 

(Will, 1996). The majority of vCJD cases occurred in the UK and Europe, but a 

few cases have also occurred in the United States, Canada, Saudi Arabia, and 

Japan. The age of onset of vCJD is relatively young and the disease presented 

mainly with psychiatric symptoms instead of ataxia compared to sCJD (Will, 

2003). vCJD patients usually presented with at least two of the following 

symptoms: aggression, anxiety, insomnia, recklessness, withdrawal, depression, 

and delusions (Will, 2003). Neurologic symptoms such as ataxia and cognitive 

impairment occur usually within a year of psychiatric symptoms. Experimental 

evidence paired with epidemiological studies soon connected the emergence of 

vCJD to infection with BSE prions (Bruce, 1997; Collinge, 1996; Hill, 1997). 

Cases of secondary vCJD transmission via blood transfusion can occur with an 

unknown frequency (Llewelyn, 2004; Peden, 2004; Wroe, 2006). The prevalence 

of subclinical vCJD infection is likely much higher than the reported cases to 

date. Largescale analysis of appendectomy and tonsil samples in the UK 

concluded that subclinical prevalence of vCJD could be as high as 493 and 289 

cases per million, respectively (Clewley, 2009; Gill, 2013). Other studies have 
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shown absent to low levels of lymphoreticular PrPSc deposition in some cases of 

vCJD further complicating the estimates of subclinical cases within the UK 

(Joiner, 2002; Mead, 2014). 

 

1.4.2 Fatal familial insomnia  

 Fatal familial insomnia (FFI), named for its characteristic feature, is an 

autosomal dominantly inherited disease caused by a PRNP mutation, D178N, 

linked to the M129V polymorphism (Montagna, 2003). Over 100 cases of FFI 

have been reported throughout families worldwide (Baldin, 2009; Brown, 1998; 

Montagna, 2003; Spacey, 2004). Symptoms include disrupted sleep, difficulty 

speaking and swallowing, and ataxia (Montagna, 2003).  

 

1.4.3 Gerstmann-Sträussler-Scheinker  

 Gerstmann-Sträussler-Scheinker syndrome (GSS) is caused by 

autosomal dominant inheritance of PRNP mutations with a range of incidence 

from 1 to 10 in 100,000,000 people/year (Liberski and Budka, 2004). 

Characteristically, GSS presents with early onset with an average age of 45 

years old and slow disease progression of up to 9.5 years (Belay, 1999). Ataxia, 

dementia, parkinsonian signs, gait abnormalities, poor reflexes, difficulty 

speaking, and abnormal sleep and temperature regulation are among the clinical 

signs of disease (Belay, 1999). 
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1.4.4 Kuru 

Kuru was first reported by Dr. Carleton Gajdusek and Dr. Vincent Zigas in 

1957 affecting the Fore people of Papua, New Guinea (Gajdusek and Zigas, 

1957). The disease was given the name “kuru” which means “to shiver” or “to be 

afraid” in Fore (Gajdusek and Zigas, 1957). Clinically, there are three stages of 

disease defined by the ambulatory ability of an afflicted individual. Initially, the 

individual maintains their ability to walk followed by a sedentary stage that 

eventually leads to the terminal stage where the individual is dependent on 

others to sit upright (Gajdusek and Zigas, 1957). The cause of kuru was traced to 

the ritualistic mortuary feast practice of the Fore tribe. This practice was stopped 

in the 1950s and the incidence of kuru has dramatically declined. New cases 

were identified in the past decade providing further evidence for the long 

subclinical phase of disease and marking the decline of the kuru epidemic 

(Collinge, 2008) .  

 

1.5 Prion agent 

1.5.1 Identification of agent  

 The search for the scrapie agent was long and contentious but ultimately 

resulted in the identification of a new form of infectious agent. Passing scrapie-

infected tissue homogenates through a fine porcelain filter before inoculation in 

early scrapie experiments by Cuille and Chelle in 1936 resulted in disease 

transmission, leading to the conclusion that the agent was likely a slowly acting 

filtrable virus (Brown, 2009). The unusually long period of time before onset of 
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disease created skepticism after Cuille and Chelle’s transmission experiment 

(Pattison, 1992). A louping-ill vaccination study carried out in 1944 resulted in 

some sheep becoming ill with scrapie, demonstrating the vaccination tissue was 

contaminated with scrapie and, further, the agent was not a virus as formalin did 

not inactivate it (Gordon, 1946). However, failure to inactivate conventional 

viruses has occurred before; for instance, the Cutter incident involved defective 

inactivation of polio virus in a vaccine given to 200,000 children in the U.S. 

(Fitzpatrick, 2006). 

Gordon Hunter separated the search for the scrapie agent into 3 parts: 

The experimental phase, the hypothetical phase, and the period of false trials 

(Hunter, 1992). The experimental phase involved studying biochemical properties 

of a potential virus or protein. Treatment of scrapie-infected material with 

ultraviolet light, ionizing radiation, high pressure, or formalin fixation failed to 

inactivate the scrapie agent, suggesting that the scrapie agent was 

unconventional (Alper, 1967; Hunter and Millson, 1964; Pattison, 1965). 

Research groups began asking questions about how they could eliminate 

possibilities for the nature of the scrapie agent. J.S. Griffith was the first to 

propose that the scrapie agent was a protein in 1967 (Griffith, 1967). After 

observation of the different behavior of scrapie strains in various mouse strains, 

Dickinson later suggested that a single gene, Sinc, produced products that 

interacted with the scrapie agent (Dickinson, 1968). Researchers in the 1970s 

tried to pinpoint the particle responsible for, or associated with, scrapie, but all 

avenues were eventually disproven or could not be reproduced (Hunter, 1992). 
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While many hypotheses were disproven or abandoned, work from Kimberlin, 

Dickinson, and Outram continued to characterize scrapie pathogenesis, animal 

models, and the nature of the scrapie agent (Dickinson, 1972; Kimberlin and 

Walker, 1977; Millson, 1976). 

It wasn’t until purification and improved bioassay protocols were 

developed that there was support for an infectious protein agent that lacked 

nucleic acid (Prusiner, 1980). The ability to isolate a highly enriched infectious 

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

Dr. Stanley Prusiner proposing the prion hypothesis: misfolded protein, rather 

than a virus, is the causative agent of prion disease (Bolton, 1982; Prusiner, 

1982a). This led him to invent the term, “prion,” to describe a proteinaceous 

infectious particle (Bolton, 1982; Prusiner, 1982a; Stahl, 1993). The prion 

hypothesis was formally proven in 2007 by the reconstitution of prion infectivity 

from non-infectious components, fulfilling Koch’s postulates (Deleault et al., 

2007). 

 

1.5.2 Prion protein 

 A.G. Dickinson was the first investigator to decipher what role genetics 

played in the phenotype or development of prion disease. Using mice, he 

identified a chromosomal locus that controlled scrapie incubation period and 

named it Sinc (Dickinson, 1968). Nearly twenty years later, Weissmann and 

Prusiner identified a host gene encoding the prion protein (Oesch, 1985) calling 

the locus Prnp (Carlson, 1986). It was determined that Sinc and Prnp were the 
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same gene (Moore, 1998). Mice engineered to lack Prnp are resistant to scrapie 

infection, demonstrating that prion protein expression was a key factor in the 

development of prion disease (Bueler, 1993). 

 The normal cellular prion protein, denoted PrPC, is a 250 amino acid 

glycoprotein attached to the cell membrane with a glycosylphosphatidylinositol 

(GPI) anchor (Martins, 2001). PrPC is expressed in tissues throughout the body 

with the highest expression in the central nervous system (Bendheim, 1992) and 

is highly conserved (85-97%) among mammalian species (Gabriel, 1992). The 

size of mammalian PrPC is 30-35 kDa depending on the glycosylation status 

(either di-, mono-, or unglycosylated) of two asparagine residues on the C-

terminal portion of the protein (Haraguchi, 1989; Pan, 1992). The C-terminus of 

the protein is ordered, containing two β-sheets and three α-helical domains with 

a disulfide bridge joining the first and second α-helices (Riek, 1996). The N-

terminal portion of the prion protein is largely disordered which has made it 

difficult to crystalize or determine structure (Donne, 1997). PrPC can undergo α-, 

β-, or γ- endoproteolytic cleavage resulting in C1, C2, and C3 fragments, 

respectively (Lewis, 2016; Liang and Kong, 2012). The C1 fragment of PrPC is 

the predominant form in uninfected brain, while the C2 fragment has been 

observed to be higher in brains of CJD patients (Chen, 1995). Interestingly, the 

C2 fragment has a higher propensity to produce oligomeric species, and the 

primary sequence approximately aligns with that of the PrPSc protease resistant 

core (Chen, 1995). Preliminary findings established that γ-cleavage appears 

more readily in prion disease with the C3 fragment present in CJD brains and 
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undetectable in control brains (Lewis, 2016). Figure 1.1 adapted from Haigh et al. 

depicts the end products of each proteolytic cleavage event of PrPC, using the 

murine sequences as an example (Haigh and Collins, 2016).   
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Figure 1.1.  Proteolytic cleavage sites of murine PrPC. Representation of the 

PrP primary sequence based on murine amino acid numbering. The approximate 

major protein species after α-, β-, and γ- cleavage are shown. From Haigh and 

Collins, 2016, with permission of Neural Regeneration Research. (Haigh and 

Collins, 2016)  
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The physiological role of the prion protein is not well understood, but there 

is growing evidence for specific functions. Mice lacking PrPC do not have clear 

abnormalities aside from slight alterations to behavior (Bueler, 1992). 

Contradictory reports of the function of PrPC have been described using the 

same or different transgenic mouse models or cell lines which has increased 

difficulty in discerning the physiological role. Highly expressed in neurons and 

glial cells, PrPC is localized along axons and pre-synaptic terminals (Herms, 

1999; Mironov, 2003). The localization of PrPC suggests a role in synaptic 

plasticity, supported by studies showing deficits in spatial learning in memory in 

PrP deficient mice, but these results are controversial (Wulf, 2017). PrP deficient 

mice have disrupted sleep patterns (Tobler, 1996); however, the exact cause of 

this disturbance is still debated and may be linked to the loss of PrPC-dependent 

control of ion channels (Wulf, 2017). There is more consistent evidence for the 

involvement of PrPC in myelin sheath maintenance in the peripheral nervous 

system (Bremer, 2010; Nishida, 1999). There is also a suggested role of PrPC in 

development with observed roles in neuritogenesis (Bribian, 2012; Kempermann 

and Gage, 2002; Santuccione, 2005), axonal growth (Kanaani, 2005), and 

development of cerebellar circuitry (Prestori, 2008).  

While PrPC has many proposed beneficial physiological functions, it also 

plays a role in the development of prion disease. PrPC can undergo a 

conformational change resulting in the formation of PrPSc, which is predominantly 

composed of β-sheets (Pan, 1993; Safar, 1993). The increased content of β-

sheet structure gives PrPSc a high propensity for aggregate formation that leads 
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to detergent insolubility (Pan, 1993), protease resistance (McKinley, 1983), and 

resistance to cellular degradation mechanisms (Caughey and Raymond, 1991). 

 

1.5.3 Prion conversion 

Prion conversion is the process in which PrPC adopts the misfolded 

conformation of PrPSc. There are two proposed mechanisms of conversion: 

nucleation-dependent polymerization (Come, 1993) and the template-directed 

misfolding model (Gajdusek, 1988). The nucleation-dependent polymerization 

model suggests that PrPC is the thermodynamically preferred conformation, with 

PrPSc aggregation forming a stable seed to facilitate further conversion of PrPC to 

PrPSc (Aguzzi, 2008). The template-directed misfolding model proposes that 

PrPSc infects a host cell, starting a catalytic cascade utilizing PrPC as its 

substrate. The model proposes that high-activation energy prevents detectable 

levels of spontaneous conversion while the PrPC-PrPSc complex formation lowers 

this energy, allowing the conformational change of PrPC to PrPSc (Aguzzi, 2008). 

The misfolding process can occur spontaneously (sCJD) and mutations in PRNP 

that are associated with genetic forms of prion disease (FFI) facilitate the 

conversion process (Imran and Mahmood, 2011). In contrast, some PRNP 

mutations confer resistance to acquisition of prion disease (Asante, 2015; Mead, 

2009; Wadsworth, 2004). For example, the G127V variant was identified in 

individuals that lived exclusively where kuru was present suggesting that this 

protective variant was undergoing positive selection within the population as a 
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result of kuru exposure since this variant was not found in patients with kuru 

(Mead, 2009).   
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Figure 1.2. Prion formation and factors involved in the conversion process. 

(1) PrPC is the template for prion formation. (2) Cofactors may participate in the 

conversion of PrPC to PrPSc. (3) The rate of PrPSc formation is dictated by the 

incoming prion strain (PrPSc) and host PrPC sequence (species barrier), starting 

titer (acquired or in vitro), the level of PrPC (1), and cofactors (2). (4) PrPSc 

fragmentation can result in newly fragmented PrPSc serving as (5) a seed for 

conversion or (6) PrPSc clearance from the cell. * Fragmentation in in vitro 

conversion such as PMCA is carried out by sonication, and clearance is absent 

in PMCA. To produce an infection, the rate of prion formation (3) must be greater 

than the rate of clearance (6). Modified from Sigurdson et al., 2019, with 

permission of The Annual Review of Pathology: Mechanisms of Disease. 

(Sigurdson, 2019).  
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1.5.3a In vivo conversion 

Prion conversion is thought to occur on the surface of cells and/or in the 

endosomal/lysosomal system (Caughey and Baron, 2006), but can also occur 

extracellularly as illustrated by the conversion of GPI anchorless PrPC released 

from the cell surface (Chesebro, 2005). It is thought that cholesterol rich lipid 

rafts may facilitate efficiency of prion conversion (Campana, 2005). After PrPSc 

conversion occurs, the misfolded protein can accumulate in intra- and 

extracellular spaces as well as on the surface of cells (Caughey and Baron, 

2006). PrPSc can be released from cells via exosomes (Fevrier, 2004; Guo, 

2016a) and taken up by naïve neuronal cells by means of various receptors 

including heparan sulfate proteoglycans (HSPGs) (Hijazi, 2005) and the laminin 

receptor precursor (Vana and Weiss, 2006). 

 

1.5.3b In vitro conversion 

Protein misfolding cyclic amplification (PMCA) is a technique that 

recapitulates prion conversion in vitro (Saborio, 2001; Soto, 2002). This process 

involves a brief incubation period where the infectious PrPSc converts a PrPC 

template, followed by a sonication period which is thought to fragment the 

growing PrPSc fibrils to allow for further conversion (Figure 1.1). More recently, 

real-time quaking-induced conversion (RT-QuIC) is a technique that was 

developed (Wilham, 2010). Like PMCA, RT-QuIC relies on the seeded 

conversion of PrPC to PrPSc. However, the conversion product in RT-QuIC has 

low levels of prion infectivity whereas PMCA is bona fide efficient replication of 
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high titer prion infectivity (Castilla, 2005; Caughey, 2019; Klingeborn, 2011; 

Shikiya and Bartz, 2011). Both in vitro methods were quickly optimized for testing 

biological fluids. PrPSc is found in many biological fluids including urine, feces, 

blood, saliva, and cerebrospinal fluid (CSF) (Concha-Marambio, 2016; 

Mathiason, 2006; McGuire, 2012; Moda, 2014; Safar, 2008). PMCA has been 

used to detect PrPSc from vCJD patient blood and urine samples, while RT-QuIC 

is currently being used for clinical diagnosis of sCJD by way of cerebrospinal fluid 

and nasal mucosa (Orru, 2014; Orru, 2015). Experimentally, PMCA can amplify 

abnormal protein from saliva (Davenport, 2018), and RT-QuIC has been used to 

detect abnormal protein in urine (Shi, 2015). 

 

1.6 Prion pathogenesis 

1.6.1 Infection 

Prion infection can occur via multiple entry points including natural routes 

such as ingestion or inhalation, or iatrogenically through medical procedures. 

Prions infect the CNS from the periphery by travelling retrograde along axons, 

(Bartz, 2002, 2003; Fraser and Dickinson, 1985). For example, after per os 

infection, M cells aide in the transepithelial transport of prions across the gut 

epithelial, similar to other conventional pathogens (Donaldson, 2012). Once 

across the epithelium, lymphotropic prions spread to the lymphoreticular system 

(LRS) in the Peyer’s patches and draining lymph nodes while neurotropic strains 

enter the brain along peripheral neuronal tracts (Sigurdson, 2019). While in the 

LRS, prions amplify in follicular dendritic cells (Mabbott, 2000; Montrasio, 2000) 
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with other immune cells such a B-lymphocytes having a crucial role in the 

pathogenesis of prion disease (Klein, 1997). Once prions enter the nervous 

system, astrocytes and neurons are the main cells in which prion conversion 

occurs (Sigurdson, 2019), a process described in more detail above (see section 

1.5.3a). 

 

1.6.2 Prion shedding 

PrPSc usually disseminate throughout the tissues of an infected 

animal/individual before prions can enter the environment. Prions are shed in a 

variety of biological fluids before and after the onset of clinical signs of disease. 

In animal prion diseases, prions can be shed into the environment via a variety of 

biological matrices including blood and saliva (Mathiason, 2006), urine (Kariv-

Inbal, 2006), antler velvet (Angers, 2009), birthing material (Race, 1998), and 

feces (Maluquer de Motes, 2008b; Safar, 2008). PrPSc has been detected in 

blood (Concha-Marambio, 2016; Peden, 2004), CSF (Orru, 2015), nasal 

brushings (Orru, 2014), and skin (Orru, 2017) of CJD patients. When considering 

host and strain tropism the most likely diseases to excrete prions include CWD, 

scrapie, and patients with vCJD (Gough and Maddison, 2010). 

 

1.7 Interspecies transmission 

1.7.1 Species barrier 

 The inefficiency of a prion strain to transmit between species is known as 

the species barrier effect, first described in 1968 by Pattison and Jones with the 
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conclusion that the effect was due to permanent alteration of the agent (Pattison 

and Jones, 1968). Dickinson initially proposed three reasons for this 

phenomenon: (1) failure of the agent to replicate at the same sites as other agent 

strains, (2) agent is unable to replicate due to differences in structure or tissue, or 

(3) agent replication is too slow to cause disease in lifespan of a new species 

host (Dickinson, 1976).  

Support for the species barrier effect involving the host PRNP was first 

identified by experiments involving mice and hamsters. Passage of hamster-

adapted scrapie into mice results in an increase in incubation period of disease 

(Kimberlin, 1987). Transgenic mice expressing both hamster and mouse PrP 

were susceptible to both hamster- and mouse-adapted prion strains (Scott, 

1989), while transgenic mice expressing only hamster PrP were susceptible to 

hamster-adapted strains but not to that of mouse (Bueler, 1993). Continuing the 

investigation of PrP as the main driver of the species barrier effect, Prusiner et al. 

provided evidence that incubation periods of prion disease correlated to the 

steady state levels of PrP mRNA in transgenic animals. Additionally, the species 

that the inoculum was derived from (e.g. mouse or hamster) determined whether 

mouse or hamster prions were formed in transgenic mice expressing both 

hamster and mouse PrP (Prusiner, 1990). This study was one of the first to 

suggest that the species barrier was the result of differences in the amino acid 

sequence of the prion protein between species (Prusiner, 1990). This mismatch 

of the prion protein sequences of donor versus recipient results in inefficiency in 

the folding of PrPSc (Figure 1.2, #3) (Greenlee and Greenlee, 2015). 
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1.7.2 Prion adaptation 

 Following interspecies transmission, prion adaptation is characterized as 

the shortening of incubation period and stabilization of disease phenotype during 

subsequent intraspecies transmissions (Kimberlin, 1989). Passage of goat 

scrapie to mice resulted in a long incubation period that shortened with 

subsequent intraspecies passage in mice (Chandler, 1963). Inoculation of 

hamsters with the mouse-adapted Chandler or ME7 strains resulted in an 

extension of the incubation period; however, further passages within hamsters 

resulted in a decrease in incubation period (Chandler and Turfrey, 1972; Zlotnik 

and Rennie, 1965). Back passage of inoculum into the original host species 

resuled in an increase in incubation period indicating that the agent had adapted 

to the new host species (Kimberlin, 1987).  

 Interspecies transmission of mink TME to Syrian hamsters established 

that adaptation may also encompass a process of agent selection, producing two 

distinct phenotypes known as hyper (HY) and drowsy (DY) TME with stabilization 

of incubation period over serial passage (Bartz, 2000; Bessen and Marsh, 

1992b). Bartz et al. suggested that interspecies transmission may lead to the 

formation of multiple conformations of PrPSc from one donor PrPSc conformation, 

ultimately leading to the isolation of strains (Bartz, 2000; Kimberlin and Walker, 

1978). 
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1.8 Prion strains 

1.8.1 Definition 

Prion strains are operationally defined by heritable differences in the 

biological properties of disease (Chien, 2004). These properties are maintained 

upon serial passage, and strain diversity is hypothesized to be encoded by 

strain-specific conformations of PrPSc (Safar, 1998; Telling, 1996).   

 

1.8.2 Strain properties 

TSE strains can differ in their clinical signs and biochemical features of 

PrPSc but are best characterized by differences in neuropathology (Dickinson, 

1968; Fraser and Dickinson, 1967, 1968). For example, the hamster prion strains 

HY and DY are differentiated by distinct neuropathology and clinical signs of 

hyperexcitability and progressive lethargy, respectively (Bessen and Marsh, 

1992b). Incubation period is defined as the period between prion inoculation and 

the development of clinical signs of prion disease. This can be influenced by the 

route of inoculation and the prion titer of the inoculum (Ayers, 2011; Shikiya and 

Bartz, 2011). Neuropathology often varies among prion strains, defined by the 

vacuolization and deposition of PrPSc within the CNS. This is often analyzed in 9 

regions of the brain to determine a lesion profile for each distinct prion strain 

(Fraser and Dickinson, 1968). For example, hamsters infected with HY show 

vacuolation of the brainstem, granule layer of cerebellar cortex, central grey 

matter of the cerebellum, pyramidal layer of the hippocampus while hamsters 

infected with DY had less vacuolation in the brainstem and cerebellum with 
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characteristic degeneration along the pyramidal layer of the hippocampus near 

the ventricles (Bessen and Marsh, 1992b). 

 

1.8.3 Strain-specific biochemical features of PrPSc 

The insolubility and disordered, aggregated nature of PrPSc has made it 

difficult to structurally characterize by crystallization and NMR techniques 

(Zweckstetter, 2017). To circumvent this issue, strains are often discriminated by 

the biochemical features of PrPSc including electrophoretic mobility, glycosylation 

pattern, conformational stability, and resistance to proteases (Morales, 2017). 

For example, the electrophoretic mobility pattern of HY and DY differ with the 

unglycosylated polypeptide migrating at 21- and 19-kDa, respectively (Table 1) 

(Bessen and Marsh, 1992a). While Western blot migration profile is a useful 

discriminatory tool, the majority of prion strains (i.e. hamster strains HY, 263K, 

ME7H, 139H) have the same PrPSc Western blot migration profile making it 

necessary to utilize other biochemical properties to differentiate them (Ayers, 

2011). When PrPSc is treated with the chaotropic agent, GdnHCl, before 

proteinase treatment, it requires more GdnHCl to render HY PrPSc susceptible to 

proteinase K degradation relative to DY, demonstrating that HY PrPSc has a 

higher conformational stability (Table 1) (Ayers, 2011; Peretz, 2001). Decreased 

conformational stability of mouse prions is positively correlated with a shorter 

incubation period (Legname, 2006), however, in hamsters an inverse relationship 

between PrPSc conformational stability and incubation period was identified 

(Ayers, 2011). This lack of consensus has made it difficult to establish a direct 
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relationship between strain-specific variations in PrPSc biochemical features and 

the observed strain properties. 

 
Table 1.1. Strain properties of HY and DY. 

a Time from inoculation to onset of clinal signs; i.c. intracerebrally  
b Days±SD 

c GdnHCl[1/2]: the concentration of GdnHCl necessary to allow degradation of 
50% of PrPSc 

d GdnHCl[1/2] ± SEM 
e Migration of the unglycosylated PrPSc polypeptide 

 

1.8.4 Strain tropism 

1.8.4a Tissue 

 In additional to biochemical differences, prion strains can differ in their 

tropism between tissues and cell type. The distribution of PrPSc in the CNS is 

strain-specific, with regional differences between strains (Bessen and Marsh, 

1992b). Neuropathology is frequently used to discriminate between strains within 

a species. To test this, Scott et al. analyzed the neuropathology of Syrian 

hamsters inoculated with Me7H, Sha(RML), or Sha(Me7), with a control isolate of 

Sc237 (Scott, 1997). Histoblot analysis showed few differences in PrPSc 

deposition in the CNS and signal of Sc237 and Sha(Me7) whereas Sha(RML) 

and Me7H have distinct patterns (Scott, 1997). The CNS is not the only site of 

strain-specific PrPSc deposition. HY and DY TME are two examples of strains 

exhibiting differences in tissue tropism (Table 1). In HY-infected hamsters, PrPSc 

Strain  

 

Migration (kDa)e 

 
Incubation 

Period (i.c.)a 

 
GdnHCl[1/2]

c 

 
Lymphotropic 

     

HY 62±1b 2.75±0.03d 21 Yes 
DY 176±3 2.20±0.06 19 No 
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is widely distributed throughout the body in brain, LRS tissues, blood, nasal 

secretions, and skeletal muscle; however, PrPSc detection in DY-infected 

hamsters is confined to the CNS (Bartz, 2016). Typical sheep scrapie and 

atypical/Nor98 scrapie are more examples of this strain-specific phenomenon. 

PrPSc deposition in the CNS is present for both strains while lymphoreticular 

involvement is only observed with classical scrapie (Benestad, 2003; Hadlow, 

1982).  

 

1.8.4b Cell 

 Cell tropism can differ between prion strains with some strains showing a 

preference for either neurons or glia (Gonzalez, 2003). Prion strains may employ 

different routes of endocytosis supported by experiments utilizing mouse strains 

RML and 22L in which inhibiting various forms of endocytosis differentially 

affected the prion strains’ ability to infect cells (Fehlinger, 2017). Different ratios 

of PrPSc glycoforms are found deposited in various brain regions leading to the 

hypothesis that post-translational modifications like glycosylation may play a part 

in cellular tropism (Piro, 2009). Piro et al. investigated glycosylation by creating 

unglycosylated RML and 301C prions to use as inoculum for mouse bioassay, 

and these experiments established that glycosylation did not play a role in 

cellular tropism (Piro, 2009).  
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1.8.4c Mechanism of strain tropism 

 The mechanism that underlies prion strain tropism has yet to be fully 

understood. Abundant data from various routes of inoculation indicate that PrPSc 

spreads from the site of inoculation along neuroanatomical tracks to the CNS 

(Andreoletti, 2000; Bartz, 2003; Beekes and McBride, 2000; Beekes, 1998; 

Keulen, 2000; Kincaid and Bartz, 2007).  Privat et al. showed that brain region-

specific targeting of experimental, sporadic, and acquired CJD could be 

recapitulated in vitro using individual brain regions as the PMCA substrate 

(Privat, 2017). However, using HY and DY TME, the strains exhibited strain-

specific neuronal tropism, but this phenomenon was overcome by utilizing 

different routes of infection showing the susceptibility of all brain regions to both 

strains (Ayers, 2009). These observations suggest that the observed strain-

specific differences in CNS tropism cannot be attributed to the neuron’s ability to 

support prion formation (Bartz, 2016). A post-translational modification, 

sialylation, has been investigated as a potential determinant in strain differences. 

It was observed that sialylation occurs in a host-, cell-, and tissue-specific 

manner, but it did not differ between strains (Katorcha, 2016). While the 

sialylation did not appear to be strain-specific, evidence supports that it plays a 

role in determining the glycoform ratio and amplification efficiency of PrPSc 

(Katorcha, 2015). There are many proposed mechanisms, but more research is 

necessary to identify definitive determinants of prion strain tropism. 
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1.8.4d Co-factor 

 Tropism may also be explained by the necessity of a strain-specific co-

factor that determines the location of conversion to PrPSc (Figure 1.2, 2). In vitro 

experiments have examined the role of RNA in the conversion substrate in order 

to create high titer prions (Miller, 2013). Deleault et al. established that altering 

the cofactor present in a minimal PMCA substrate induced changes in strain 

properties, with use of a single cofactor (phosphatidylethanolamine) causing the 

convergence of three distinct strains into one (Deleault, 2012). It is hypothesized 

that cofactors may limit the number of conformations that PrPSc can adopt 

(Supattapone, 2014). 

 

1.8.4e Conversion/clearance ratio 

 With little knowledge of the factors influencing prion strain tropism outside 

of the CNS, it is hypothesized that this may be controlled in part by the ratio of 

PrPSc conversion to clearance of PrPSc from a specific tissue or cell type. Choi 

and Priola tested this hypothesis with two mouse scrapie strains: 22L, which can 

infect cells, and 87V, which cannot infect cells. Using sucrose gradient 

centrifugation, the same fraction of PrPSc from both strains was preferred but 87V 

PrPSc was degraded more rapidly in cells than it was for PrPSc from the mouse 

scrapie 22L (Choi and Priola, 2013). It is hypothesized that this breakdown of 

PrPSc occurs at a faster pace than the formation of new PrPSc, preventing a 

persistent infection. Shikiya et al. investigated the role of clearance as a 

determinant in the tropism differences observed between HY and DY TME in 
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hamsters (Shikiya, 2017). Extraneural inoculation of DY TME did not cause 

disease, but transport to the LRS occurred, failing to provide an explanation for 

the absence of DY PrPSc deposition in LRS tissues (Shikiya, 2017). PMCA 

experiments established that spleen homogenate can support the conversion of 

DY PrPSc (Shikiya, 2017). Importantly, the PMCA technique supports prion 

conversion, not clearance (Shikiya, 2014). Since spleen can support DY TME 

conversion, the failure of DY TME to establish infection in LRS tissues may be 

due to the rate of DY PrPSc clearance exceeding formation in these tissues 

(Shikiya, 2017). It is unknown if PrPSc post-translational modifications or cofactor 

involvement play a role in clearance.  

 

1.8.5 Strains existing as a mixture in natural prion disease 

Multiple TSE strains can co-exist in an individual host. This has been 

observed in multiple host species. In scrapie, PrPSc and distinct neuropathology 

associated with classical and atypical (Nor98) sheep scrapie occurs in single 

sheep (Mazza, 2010). In cases of sporadic Creutzfeldt-Jakob disease, Type 1 

and 2 PrPSc co-exist in a single patient and even in the same brain region (Cali, 

2009; Puoti, 1999; Uro-Coste, 2008). One study estimated that the prevalence of 

sCJD cases with more than one strain could be as high as 40%, and with 

ambiguous clinical phenotypes, it is difficult to diagnose these cases antemortem 

with certainty (Cali, 2009).  
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1.8.6 Consequences of strains existing as mixtures 

1.8.6a Interference 

Coexisting strains can interfere with each other. Strain interference is a 

phenomenon in which a slowly-converting, blocking strain can delay or abolish 

the emergence of a quickly-converting strain. The first experimental observation 

of strain interference was noted in mice inoculated with 22C prior to 

superinfection with 22A. Prion strain 22C was able to delay or block the onset of 

22A from causing disease depending on the interval between the initial infection 

and superinfection (Dickinson, 1972). This has also been observed with HY and 

DY TME in hamsters. As the interval between initial inoculation with DY and 

superinfection with HY increased, DY blocked the emergence of HY (Bartz, 

2007). 

 

1.8.6a.1 Factors governing strain interference 

Many agent and host parameters govern prion strain interference. Prion 

strain interference can occur as a result of superinfection, as described above, or 

as a result of co-infection. As the initial titer of the blocking strain is increased, 

there is a corresponding increase in the interference effect (Dickinson and 

Outram, 1979; Kimberlin and Walker, 1985). The titer of the blocking strain must 

be greater than the superinfecting strain in order for interference to occur in vivo 

and in vitro, and the onset of blocking strain conversion must occur before that of 

the more efficiently converting short incubation strain (Bartz, 2007; Shikiya, 

2010).  
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For strain interference to occur, the blocking strain must be infectious. 

Kimberlin et al. established that boiling, treatment with urea, and exposure to 

ionizing radiation can inactivate mouse strain 22A, destroying its ability to block 

the emergence of mouse strain 22C (Kimberlin and Walker, 1985). TME is not 

infectious when inoculated into mice (Marsh, 1969). Inoculation of TME before 

superinfection with pathogenic mouse strains 22A, ME7, 22C, 139A, 87A, 79A, 

and 79V did not cause an extension in incubation (Taylor, 1986). 

Importantly, prion conversion in a common population of cells is required for 

interference to occur. When HY and DY TME are introduced to the same 

population of neurons strain interference occurs; however, when DY was 

inoculated in the right sciatic nerve prior to superinfection of the contralateral 

sciatic nerve with HY, interference did not occur (Bartz, 2007). It is hypothesized 

that prion strains compete for a common replication site (Dickinson and Outram, 

1979). In vitro interference experiments have established that prion strains 

compete for a limiting cellular resource, PrPC (Shikiya, 2010).  

 

1.8.6b Lack of interference  

Many host strain combinations have been investigated, suggesting that 

prion strain interference is a common property of prions (Dickinson, 1972; 

Manuelidis and Yun Lu, 2000; Schutt and Bartz, 2008). These studies, however, 

all used a slowly converting blocking strain paired with a faster converting 

blocking strain. Eckland et al. investigated the ability of two low conversion 

efficiency prion strains to interfere with each other. Two slowly converting 
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hamster prion strains, 139H and DY or ME7H and DY were co-infected 

intracerebrally in hamsters resulting in an apparent lack of interference (Eckland, 

2018). Animals succumbed to the strain with the shorter incubation period, and in 

vitro experiments confirmed the strains converted independently with the slow 

rate of amplification leaving an abundance of the template, PrPC, available for 

conversion (Eckland, 2018). 

 

1.8.6c Model of strain dynamics 

Recently it has been hypothesized that prions exist as a quasispecies. 

Quasispecies were first identified in RNA viruses and are defined as a population 

of genetically similar, but not identical, virions. Prion quasispecies are defined as 

a population of similar, but not identical, conformations of PrPSc (Weissmann, 

2011). Therefore, prion strains may exist as a spectrum of PrPSc conformations 

(Safar, 1998). Selection of prion substrains has been observed by treatment of 

prion-infected cells with swainsonine (Mahal, 2010). Swainsonine inhibits the 

processing of asparagine-linked glycoproteins (Elbein, 1981). Treatment with 

swainsonine is strain-specific, and the cell type where infection is present can 

alter efficacy (Browning, 2011). Treatment of prion-infected cells with 

swainsonine selected for a resistant substrain, but when the inhibitor is removed, 

the susceptible substrain reverted to a drug sensitive population (Li, 2010). 

Overall, these observations suggest that prion strains consist of a spectrum of 

PrPSc conformations.  
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1.8.7 Consequences of strains as dynamic mixtures of substrains 

A variety of parameters can influence strain selection from a mixture. 

Prion strains can readily adapt different conformations when challenged with a 

new environment (e.g. brain-derived prions passaged in cell culture) (Li, 2010; Li, 

2011). For example, a non-neuroinvasive murine prion strain was intravenously 

inoculated leading to the generation of a novel neuroinvasive prion strain 

supporting the hypothesis that environmental changes may select for pre-existing 

substrains (Aguilar-Calvo, 2018). 

 

1.8.7a Emergence of drug resistant prions  

 Anti-prion drugs can have strain-specific efficacy. In natural prion disease, 

multiple prion strains can exist in a single host, therefore, if strain-specific drugs 

are used, emergence of a drug resistant strain can occur. For example, RML-

infected ScN2a cells treated with the 2-aminothiazole IND24 lead to the 

emergence of an IND24-resistant prion strain (RML[IND24]) that had a different 

host cell range, and distinct biochemical and neurological features (Berry, 2013). 

Selection of prion substrains by changes in the prion conversion environment has 

been observed by treatment with swainsonine (Mahal, 2010). It is a strain-

specific prion treatment, and its efficacy is dependent on the host cell type where 

infection is occurring (Browning, 2011). Use of swainsonine in a changing 

environment (i.e. different cell types) along with drug treatment selected for 

swainsonine-resistant and swainsonine-sensitive prions with different PrPSc 

conformational stabilities (Li, 2011; Mahal, 2010). Additionally, passage of RML 
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prions in the presence of swainsonine resulted in the selection of stable prion 

variants with an increased efficiency to propagate in the presence of drug 

(Oelschlegel and Weissmann, 2013). Treatment with swainsonine selects for a 

resistant substrain, but when the inhibitor is removed, the susceptible substrain 

will revert to a drug sensitive population (Li, 2010).  

 

1.8.7b Interspecies transmission 

 The hypothesis that prion strains exist as a mixture was first observed with 

interspecies transmission of sheep scrapie. SSBP/1 homogenate from sheep 

was passaged to goats resulting in distinct clinical phenotypes, drowsy and 

scratching, which were maintained upon serial passage (Pattison and Millson, 

1961). These data supported the hypothesis that the original inoculum may have 

harbored multiple strains of the scrapie agent. Passage of transmissible mink 

encephalopathy to Syrian hamsters resulted in the isolation of two distinct 

phenotypes termed hyper and drowsy TME, which were also maintained upon 

serial passage in hamsters (Bartz, 2000).  

 

1.9 Prions in the environment 

1.9.1 Surface binding of prions 

After being shed into the environment (see section 1.3.2), prions can 

adsorb to surfaces and persist in the environment for extended periods of time. 

Prions shed from animals can then bind to surfaces including soils, feeding 

troughs, and fences (Johnson, 2006; Konold, 2015; Maddison, 2010). Mineral 
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licks have been examined as “hot spots” of infectivity with field soil and water 

samples testing positive for prions via in vitro testing (Lavelle, 2014; Plummer, 

2018). Prions in the environment can remain infectious for extended periods as 

indicated by the transmission of chronic wasting disease (CWD) in captive deer 

facilities and scrapie to sheep in pastures that were left empty for multiple years 

(Georgsson, 2006; Miller and Williams, 2003). Prions have been shown to 

contaminate surgical instruments and remain infectious following standard 

sterilization procedures, thus enabling iatrogenic infection in medical settings 

(Collins, 1999; Will and Matthews, 1982). The infectivity of prions bound to 

stainless steel, with and without decontamination treatments, has been 

experimentally verified with both animal and human prions using animal bioassay 

and multiple in vitro techniques (Belondrade, 2016; Eckhard Flechsig and 

Weissmann, 2001; Eva Zobeley, 1999; Mori, 2016).  

It has been shown that attachment to surfaces alters PrPSc properties. The 

adsorption of PrPSc to a surface is influenced by a multitude of factors including 

the prion strain, species of origin, and surface type, with no predictable behavior 

for any singular criteria (Johnson, 2006; Maddison, 2010; Saunders, 2008; 

Saunders, 2009a). Ions present in either the protein matrix or the surface can 

impact surface adsorption as well as protein conformation (Saunders, 2011c). 

The cumulative effect of these factors can result in differences in prion 

adsorption, infectivity, and response to inactivation.  

The effects of soil composition on prion binding and infectivity are only 

beginning to be understood. Soils containing clays appear to have a higher 
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binding affinity for prions (Saunders, 2009c; Wyckoff, 2016). Clay content of soil 

and pH positively correlate with CWD persistence (Dorak, 2017). Clay soil 

minerals range from expansive to non-expansive based on their propensity to 

undergo large volume changes as a result of changes in water content(Klein and 

Dutrow, 2007). Expansive clays (e.g. montmorillonite) have the strongest affinity 

for protein binding while kaolinite, a non-expansive phyllosilicate has low binding 

affinity (Johnson, 2006). Adsorption of PrPSc to soil reduces PMCA conversion 

activity and infectivity of multiple prion strains (Saunders, 2011b). Animals i.c. 

inoculated with HY adsorbed to silty clay loam (SCL) and montmorillonite (Mte) 

exhibited a 14-day increase or 10-day decrease in incubation period compared to 

animals inoculated with HY TME alone, respectively (Johnson, 2006; Saunders, 

2011b). Humic acids in soils degrade PrPSc and reduce prion infectivity 

(Kuznetsova, 2018; Smith, 2014).  

 

1.9.2 Inactivation of prions 

Prions in tissue or bound to a surface are likely exposed to external 

treatments that can alter PrPSc properties. These processes can be physical or 

chemical in nature. 

 

1.9.2a Prion decontamination by chemical or enzymatic treatment  

Many chemical treatments have been investigated to determine their 

effect on prion infectivity or as a method to decontaminate stainless steel surgical 

instruments after prion contamination. Treatment with formalin and urea do not 
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completely destroy prion infectivity; however, 8M urea has displayed mixed 

results of successful agent inactivation (Brown, 1986; Bruce and Dickinson, 

1979; Fraser, 1992; Millson, 1976; Pattison, 1965). Mild detergents have little to 

no effect on prion infectivity (Millson, 1976); however, the denaturing detergent 

sodium dodecyl sulfide (SDS) decreases prion infectivity in a concentration 

dependent manner (Lemmer, 2004; Prusiner, 1980). Chaotropic agents such as 

guanidinium are effective at reducing, but not completely destroying, infectivity 

(Prusiner, 1981). Sodium hydroxide (NaOH) and sodium hypochlorite (household 

bleach), at specific concentrations and temperatures can degrade PrPSc and 

destroy infectivity as determined by animal bioassay of implantation of 

contaminated or treated wires (Flechsig, 2001; Kimberlin, 1983; Lemmer, 2008; 

Lemmer, 2004; Taylor, 1994). A combination of NaOH treatment and gravity-

displacement autoclaving destroys infectivity of 263K hamster prions (Prusiner, 

1984). Standard sterilization procedures such as steam autoclaving partially 

inactivate PrPSc adsorbed to medical instruments (Brown, 1990; Fernie, 2012), 

and drying to a surface enhances the resistance of prions to inactivation (Secker, 

2011; Secker, 2015; Taylor, 2000). Treating hamster-adapted scrapie prions at 

600°C for 15 minutes reduced, but did not eliminate, prion infectivity, highlighting 

the extreme heat resistance of prions; however, prion infectivity was destroyed 

by exposure to 1000°C for 15 minutes (Brown, 2000).  

It is possible that survival of BSE to rendering processes is a potential 

contributor of the BSE outbreak in the 1980s. Experimentally, some rendering 

protocols did not destroy infectivity of both BSE and scrapie (Taylor, 1998; 
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Taylor, 1995; Taylor, 1997), and these procedures could have allowed for 

emergence of a highly thermostable prion strain (Taylor and Fernie, 1996). 

Prions may enter wastewater through a variety of means, and prions remain 

infectious after incubation in wastewater or after undergoing wastewater 

treatment (Hinckley, 2008; Maluquer de Motes, 2008a; Maluquer de Motes, 

2012; Maluquer de Motes, 2008c; Miles, 2011). 

Commercially available products have also been tested as a means of 

prion decontamination. Subtlisin degrades unbound and soil-bound CWD PrPSc 

in a soil-dependent manner with a corresponding decrease in in vitro replication 

capacity (Saunders, 2010, 2011a). Environ LpH is an aqueous phenolic acid 

derivative that was capable of destroying the infectivity of hamster-adapted 

scrapie with a 0.9% solution in early studies (Ernst and Race, 1993). These 

results should be interpreted cautiously as different formulations of LpH exist. 

LpH-SE, while showing some inactivation ability, was up to 105-fold less effective 

at destroying hamster 263K prion infectivity compared to LpH (Race and 

Raymond, 2004). A weakly acidic aqueous formulation of hypochlorous acid 

(HOCl; Briotech), which is safe for surfaces and users, eliminated prion seeding 

activity and prion infectivity a variety of human and animal prion strains including 

CJD, BSE, and CWD prions as well as human tau and α-synuclein (Hughson, 

2016). 
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1.9.2b Prion decontamination by weathering  

After shedding, prions are exposed to many natural processes including 

weathering, microbial exposure, and surface binding (as described above). In the 

absence of any weathering processes, incubation at room temperature can 

significantly degrade PrPSc, depending on the species of which PrPSc was 

derived (Saunders, 2011c). Once bound, prions are exposed to microbial life in 

the soil. Certain bacterial enzymes can degrade prions, but only when present at 

high temperature (50-60°C) and high pH (10-12) (McLeod, 2004; Yoshioka, 

2007). Enzymes extracted from soil have been shown to degrade prions, but 

recombinant prions were used, which may limit the conclusions from these 

results (Saunders, 2008).  

Composting of carcasses or burial of infected tissue reduced PrPSc to 

undetectable levels, but infectivity remained in studies where this was examined 

(Brown and Gajdusek, 1991; Huang, 2007; Seidel, 2007). Repeated exposure of 

soil-bound prions to cycles of wetting and drying can reduce protein abundance 

and PMCA conversion efficiency (Yuan, 2015). Cycles of freezing and thawing 

can greatly reduce PrPSc abundance and conversion efficiency, but dehydration 

to a surface before exposure can protect PrPSc (Yuan, 2018). Importantly, these 

results may vary in a strain-dependent and surface-dependent manner. It is 

possible that ingestion of soil-bound prions is a prominent mechanism of prion 

disease transmission.  

Alimentary fluid from sheep destroys PrPSc immunoreactivity via Western 

blot, but infectivity was not examined (Jeffrey, 2006). Rumen from cattle was 



44 

effective at degrading PrPSc after 20 hours; however, infectivity remained 

(Samuel E. Saunders, 2012; Scherbel, 2007). 

 

1.10  Research goals 

Chronic wasting disease is spreading rapidly in cervid populations 

throughout North America with surface-bound prions being the most likely cause 

of prion disease transmission. Prions remain infectious in the environment for 

extended periods of time, despite being exposed to various environmental 

weathering processes. Multiple prion strains exist in animal and human prion 

diseases. When multiple prion strains exist, strain interference can occur. 

Animals may be exposed to multiple strains throughout the lifetime of the host. It 

is unknown how environmental weathering can alter the ratio of bioavailable 

strains that infect a host, therefore, affecting strain emergence. Understanding 

how individual prion strains are altered by environmental pressures is required to 

accurately model CWD disease transmission to predict which strains are most 

likely to emerge within a geographic location. We hypothesize that environmental 

pressures can select for the emergence of a highly pathogenic strain(s) from a 

mixture. One aspect of my research focused on gaining an understanding of how 

surface adsorbed prions respond to environmental pressures such as wetting 

and drying and if this corresponded to a change in the strains ability to participate 

in strain interference.  

The initial interference studies led us to identify that strain interference 

could occur in the absence of prion conversion after exposure to wetting and 
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drying. This led us to further investigate the effects of multiple prion adsorption 

events in conjunction with exposure to wetting and drying. This was of interest 

since we reasoned that surfaces in highly populated/trafficked areas undergo 

multiple prion adsorption events over extended periods of time. Exploring how 

this affects PrPSc abundance, infectivity, and the potential to interact with other 

strains could help gain insight into prion disease transmission and potential 

remediation practices.  
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CHAPTER 2: Materials and methods 

 

2.1 Ethics statement 

All procedures involving animals were approved by the Creighton 

University Institutional Animal Care and Use Committee and complied with the 

Guide for the Care and Use of Laboratory Animals.  

 

2.2 Intracerebral inoculations  

 Intracerebral (i.c.) inoculations of the hamster-adapted prion agents were 

performed on male Syrian golden hamsters (Envigo). Hamsters were 

anesthetized using isoflurane. Using a 30-gauge needle, hamsters were 

inoculated intracerebrally with 25 μL of a 1% (w/v) brain homogenate or silty clay 

loam adsorbed brain homogenate that had been untreated or exposed to ten 

cycles of wetting and drying treatment. Hamsters were observed three times per 

week for the onset of neurological disease, with a clinical diagnosis of the hyper 

(HY) or drowsy (DY) strains of hamster-adapted transmissible mink 

encephalopathy (TME). Hamsters were diagnosed with HY TME based on the 

presence of ataxia and hyperexcitability, or DY TME based on the appearance of 

progressive lethargy. Incubation period was calculated as the number of days 

between inoculation and the onset of clinical signs. 
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2.3 Tissue collection  

 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 anesthetized with isoflurane and transcardially 

perfused with 100 mL of ice-cold phosphate-buffered saline containing 5 mM 

ethylenediaminetetraacetic acid (EDTA) (pH 7.4) and brains were collected and 

frozen at -80 °C for later use as a PrPC source in PMCA experiments.  

 

2.4 Homogenization of brains 

 Brains from clinically-affected hamsters infected with either HY or DY TME 

were homogenized in Dulbecco’s phosphate-buffered saline (DPBS) (Mediatech, 

Herndon, VA) to 10% (w/v) using strain-dedicated Tenbroeck tissue grinders 

(Vineland, NJ) or a syringe with increasing needle gauges (18, 20, 23 G). 

Uninfected hamster brain was homogenized to 10% (w/v) in PMCA conversion 

buffer (phosphate-buffered saline [pH 7.4] containing 5 mM EDTA, 1% [v/v] 

Triton X-100, and complete protease inhibitor tablet [Roche Diagnostics, 

Mannheim, Germany]) using a strain dedicated Tenbroeck tissue grinder. The 

brain homogenate was centrifuged at 460 x g for 30 s and the supernatant was 

collected and stored at -80°C. 
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2.5 Western blot analysis 

 Brain homogenate was combined with Proteinase K (PK) (Roche 

Diagnostics Corporation, Indianapolis, IN) to a final concentration of 50 µg/mL at 

37° C for 60 min. If brain homogenate was adsorbed to soil, samples were 

combined with PK to a final concentration of 50 µg/mL at 37° C for 3 min. PK 

degrades PrPC and allows detection of a N-terminally truncated form of PK 

resistant PrPSc. To detect PrPC or full length PrPSc, PK was substituted with 

DPBS. Digestion was terminated by boiling samples at 100°C for 10 min in 

sample loading buffer (4% [w/v] SDS, 2% [v/v] β-mercaptoethanol, 40% [v/v] 

glycerol, 0.004% [w/v] Bromophenolblue, and 0.5M Tris buffer pH 6.8). Samples 

were size fractionated on 4 to 12% bis-Tris-acrylamide (NuPAGE; Invitrogen, 

Carlsbad, CA) or with SDS-PAGE gels cast using the Laemmli method. Proteins 

were transferred to a polyvinylidene difluoride membrane (PVDF) (Immobilon P; 

MilliporeSigma, MS) by wet transfer using a Bio-Rad trans-blot cell. Membranes 

were incubated with 5% (w/v) nonfat dry milk (Bio-Rad Laboratories, Hercules, 

CA) for 30 min to block non-specific binding. To detect hamster prion protein, 

membranes were incubated overnight in primary antibody mouse monoclonal 

anti-PrP antibody 3F4 (Chemicon, Temecula, CA) diluted 1:10,000 in 5% (w/v) 

nonfat dry milk. Membranes were washed for five minutes (x5) in tween tris 

buffered saline (TTBS) prior to incubation for 1 hr with goat anti-mouse IgG horse 

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

diluted 1:4,000 in 5% (w/v) nonfat dry milk. After incubation, membranes were 

again washed for five minutes (x5) prior to imaging. Western blots were 
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developed with Pierce SuperSignal West Femto maximum-sensitivity substrate 

(Pierce, Rockford, IL), and imaged using the Li-cor Odyssey Fc imaging system 

(Li-cor, Lincoln, NE) or Kodak 4000R Imaging Station (Kodak, Rochester, NY).  

PrP abundance was quantified using the Kodak molecular imaging software 

v.5.0.1.27 (New Haven, CT) or Li-cor Image Studio Software v.1.0.36 (Lincoln, 

NE). Migration analysis of the unglycosylated PrPSc polypeptide was determined 

using NIH ImageJ Fiji (NIH, USA) lane analysis software. 

 

2.6 Proteinase K removal 

 HY, DY, or 139H-infected 10% (w/v) brain homogenates were incubated 

with a final concentration of 50 µg/mL of proteinase K (PK) (Roche Diagnostics) 

for 1 or 24 hr or mock-digested in equal volume DPBS. To use this material in 

PMCA experiments, PK had to be removed from samples. PK removal was 

achieved by a modified Beekes preparation of digested or mock-digested sample 

(Beekes, 1995). After PK digest, samples were incubated with 100U/mL of 

Benzonase (Sigma-Aldrich) at 37°C for 1 hr with agitation to degrade nucleic 

acid. After incubation, samples were mixed with 20% (w/v) N-lauryl-sarcosine 

(NLS) in 10 mM Tris (pH 7.5), 1mM Dithiothreitol (DTT), and 1 µL antifoam and 

incubated for 1 hr at 23°C with agitation. Samples were centrifuged at 10,000 x g 

for 30 min at 10°C. The supernatant fraction was removed and kept while the 

pellet fraction contained cellular debris and was discarded. The supernatant was 

then centrifuged at 200,000 x g for 1 hr at 10°C. The supernatant fraction was 

aliquoted and stored at -80°C. The pellet fraction was resuspended in 250µL 
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DPBS and sonicated for 10-20 sec. A final centrifugation at 200,000 x g for 1 hr 

at 10°C was completed before resuspending the final pellet in 0.1% (w/v) NLS. 

The final resuspension was stored at -80°C.  

 

2.7 Prion adsorption 

 Gamma-irradiated stainless steel Steelex monofilament (Aesculap, 

Germany) was cut in 3mM segments. Thirty wire segments were placed in a 

200µl PCR tube with 20µl of a 5% (w/v) HY-infected brain homogenate. Samples 

were put on a shaker for 24 hr at 23°C. After 24 hr adsorption, the supernatant 

was removed, and wires were washed 5 times with DPBS for 5 min while 

shaking. The supernatant and washes were air dried overnight at ambient 

temperature and resuspended in 10µl of DPBS. Samples were stored at -80°C. 

 Gamma-irradiated silty clay loam (SCL) (farm in Iowa (40°55'08.2"N 

91°10'08.1"W) with no previously reported incidence of prion disease, courtesy of 

Dr. Shannon Bartelt-Hunt) was mixed with 10% (w/v) crude HY and DY brain   

homogenates in 1X DPBS. The mixtures were rotated at 24 rpm (Mini Labroller, 

Labnet, Edison, NJ) for 24 hr at 23°C. After incubation, soil-brain homogenate 

mixtures were centrifuged at 460 x g for 30 s. After centrifugation, supernatants 

were removed, and soil-brain homogenate mixtures were resuspended in 9mL of 

1X DPBS. An initial supernatant and 5 subsequent washes were collected. A 

final pellet fraction was resuspended with 1X DPBS to a final volume of 500µL. 

Sample was aliquoted into 25µL volumes and stored at -80°C until use.  
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2.8 Wetting and drying treatment of unbound and SCL-bound prions  

 Wetting and drying treatment of samples was performed as previously 

described (Yuan, 2015). 20µL of unbound or SCL-bound HY TME, DY TME, or 

uninfected brain homogenate was placed in an uncapped 200µL tube (Thermo 

Scientific) and incubated at 40°C for 12 hr. Samples were rehydrated with 20µL 

of ultra-filtered deionized water and mixed thoroughly by pipetting. Samples were 

weighed before and after each cycle of drying and wetting. A cycle is defined as 

one drying cycle followed by rewetting. After 10 cycles, samples were 

resuspended in 20µL of ultra-filtered deionized water and stored at -80°C. To 

determine if SCL-brain homogenate samples had the capacity to undergo 

multiple adsorption events, a variation of the original wetting and drying 

procedure was performed. For the initial adsorption, 20µL of a DPBS-SCL 

suspension was mixed with 20µL of crude 10% (w/v) HY brain homogenate and 

160µL of 1X DPBS for a final volume of 200µL. This suspension was rotated and 

incubated for 24 hr as described above. After incubation, samples were 

centrifuged at 100 x g for 1 min. The supernatant was removed, and 190µL of 

fresh 1X DBPS was added before another centrifugation to wash the soil. This 

supernatant was again removed. After the washing step, the pellet was 

resuspended via pipette to a total volume of 20µL. The samples were placed in 

the incubator at 40°C for a 12 hr drying cycle. Samples were weighed before and 

after each drying cycle. After drying, SCL-brain homogenate samples were 

resuspended with a mixture of 20µL of 10% (w/v) HY BH in 180µL of 1X DPBS 

and rotated for 24 hr at RT. This adsorption cycle served as the rehydration step. 
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This was then followed by the centrifugations and subsequent drying. This was 

repeated until a total of 5 drying cycles and 6 adsorptions had been completed. 

Samples were removed from the experiment at drying timepoints t=0, t=1, t=2, 

t=3, t=4, and t=5, with each sample undergoing a final adsorption after its last 

drying cycle. All supernatant and wash samples throughout the course of the 

experiment were stored at -80°C for analysis of PrPSc content. 

 

2.9 Protein misfolding cyclic amplification  

 Protein misfolding cyclic amplification (PMCA) was performed by diluting 

an infectious seed 1:20 into 10% (w/v) uninfected brain homogenate in 

conversion buffer. Samples (n≥3) in PMCA conversion buffer were placed into 

polypropylene tubes in a Misonix 3000 sonicator (Farmingdale, NY). The average 

output of the sonicator was 165 W during each sonication cycle. A PMCA round 

consisted of 144 cycles of a 5 sec sonication, followed by an incubation of 9 min 

and 55 sec at 37ºC. One round occurs over 24 hr, and subsequent rounds of 

PMCA were seeded with aliquots from the previous round diluted into a 10% 

(w/v) uninfected brain homogenate in conversion buffer. All PMCA experiments 

consisted of a negative control to exclude contamination and spontaneous 

formation, a positive control of known strains, and experimental samples. 

 

2.9.1 PMCA conversion coefficient 

 The PMCA conversion coefficient (PMCA-CC) is defined as the inverse of 

the highest dilution at which PrPSc amplification can be detected via Western blot. 
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These experiments consisted of either a 2-fold or 10-fold serial dilution of 

infectious seed into uninfected hamster brain homogenate in conversion buffer. 

Samples were seeded at a 1:20 dilution and exposed to 1 round of PMCA. 

Unsonicated samples at the same dilution were frozen as unsonicated controls. 

Aliquots of uninfected brain homogenate were included in all rounds of PMCA as 

a negative control. After 1 round of PMCA, PrPSc was quantified by Western blot.  

 

2.9.2 PMCA strain interference 

For PMCA strain interference (PMCAsi), samples underwent 5 serial 

rounds of PMCA. After each round of PMCA, an aliquot of sonicated sample was 

added to fresh 10% (w/v) uninfected brain homogenate in PMCA conversion 

buffer before the next round of sonication. For the first round of PMCA, the ratio 

of seed to uninfected brain homogenate was 1:20, 1:10 for the second round, 

and 1:2 for the remaining rounds. 20µL of sample from each round of PMCA was 

aliquoted as an untreated control to compare PrPSc content to sonicated samples. 

Aliquots of uninfected brain homogenate were included in all rounds of PMCA as 

a negative control. After all rounds of PMCAsi, PrPSc abundance and migration 

were determined by Western blot and migration of the unglycosylated PrPSc 

polypeptide was determined using NIH ImageJ Fiji (NIH, USA) lane analysis 

software.  
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2.10 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 

200μL of methanol followed by removal after 30 sec. The wells were washed by 

adding 200µL of TTBS to each well and pipetted up and down 5 times. The TTBS 

was removed, fresh TTBS was added, and the washing process was repeated 

three times for each well. Fresh TTBS was added to the wells after the third wash 

and the plate was centrifuged at 460 x g for 30 sec using a Thermo IEC Centra 

GP8R centrifuge with swinging rotors. This was repeated for a total of two times. 

Samples were adjusted to a total volume of 200μL with DPBS prior to analysis 

and was centrifuged at 460 x g for 30 sec. 200µL of TTBS was added to each 

well and was centrifuged at 460 x g for 30 sec for a total of two times. 

Endogenous peroxidases were blocked by adding 200μL of 0.3% (v/v) H2O2 

solution (Sigma-Aldrich) in methanol to each well for 20 min at room temperature. 

The plate was centrifuged at 460 x g for 30 sec to remove the H2O2 solution and 

was washed twice by adding 200μL TTBS to each well and centrifuging the plate 

at 460 x g for 30 sec. Proteins bound to the PVDF membrane were denatured by 

adding 200μL of 3 M guanidinium thiocyanate in H20 and incubating the plate at 

room temperature for 10 minutes. The guanidinium thiocyanate was removed via 

pipette and the plate was washed as described above. To block non-specific 

antibody binding, 200µL of 5% (w/v) nonfat milk (Bio-Rad, Hercules CA) in TTBS, 

and the plate was incubated at 37ºC for 30 min with agitation. The 5% (w/v) non-
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fat milk was removed, and 100μL of 3F4 antibody (Chemicon, Temecula, CA) 

diluted in 5% (w/v) non-fat milk (1:10,000) was added to each well. The plate was 

incubated at 37ºC for 1 hr with agitation. 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 1:4,000 in 5% (w/v) non-

fat milk and 100μL of the secondary antibody solution was added to each well. 

The plate was incubated at 37ºC for 30 min with agitation followed by removal of 

secondary antibody solution. The wells were washed as described above. Pierce 

Supersignal West Femto Sensitivity Substrate (Rockford, IL) (40μL) was added 

to each well, and the plate was centrifuged at 50 x g for 30 sec and then imaged 

on Li-cor Odyssey Fc imaging system (Li-cor, Lincoln, NE). The quantification of 

PrPSc abundance was done using Li-cor Image Studio Software v.1.0.36 (Lincoln, 

NE). 

 

2.11 Guanidine hydrochloride conformational stability assay  

 Samples were prepared by adjusting the untreated HY TME, DY TME, or 

139H brain homogenate concentration to 10 µg/µL with a 1:10 dilution 1X DPBS. 

24 hr PK digested samples were diluted 1:1 with 1X DPBS for a final 

concentration of 50 µg/µL. 15µL of guanidine hydrochloride (GdnHCl) solution in 

DPBS at varying concentrations (0-5.5M) was mixed with 5µL of brain 

homogenate dilutions and incubated at room temperature for 1 hr while shaking. 

After the incubation, the concentration of GdnHCl of all samples was adjusted to 
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0.5M by adding 1X DPBS to a final concentration of 0.5M GdnHCl. The PVDF 

membrane was activated by incubation of 50µL of methanol for 30 seconds. To 

wash the membrane, 150µL of TTBS was added to each well and pipetted up 

and down 5 times. This process was repeated 3 times. After the third wash, fresh 

TTBS was added to the wells, and the plate was centrifuged at 460 x g, and this 

was repeated twice with the TTBS discarded each time. The GdnHCl treated 

samples were added to the wells, and the plate was centrifuged at 2,380 x g. 

150µL of 1X DPBS was added to each well, and the plate was centrifuged at 

2,380 x g. This was repeated twice. The membrane was then allowed to dry for 1 

hr at room temperature on the bench and covered with a paper towel. After the 

membrane dried, 100µL of PK (5µg/mL) was added to each well to degrade PrPC 

and was incubated at 37°C for 1 hr with agitation. PK was removed, and 150µL 

phenylmethane sulfonyl fluoride (PMSF) was added to each well to terminate the 

PK digestion for 20 min at room temperature. To remove PMSF, the plate was 

centrifuged at 460 x g. 150µL of TTBS was added to each well and centrifuged at 

460 x g, and this was done twice. Endogenous peroxidases were blocked by 

adding 150μL of 0.3% (v/v) H2O2 solution (Sigma-Aldrich) in methanol to each 

well and incubating at room temperature for 20 min before removal by 

centrifugation at 460 x g. To denature proteins, 100μL of 3M guanidine 

thiocyanate (GdnSCN) was added to each well and incubated for 10 min at room 

temperature before pipette removal. The plate was washed as described above 

after methanol activation. All subsequent steps were as described for the 96 well 

immunoassay (section 2.9) with the exception of using 150μL of the solutions 
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rather than 200μL. To determine the GdnHCl[1/2] values, PrPSc abundance data 

was collected, and the Prism 7 software program was used to calculate the 

GdnHCl concentration at which half of the PrPSc is undetectable (GraphPad 

Software Inc., San Diego, CA) was used to create graphs and perform statistical 

analyses. 

  

2.12 Statistics  

Two- tailed Student’s t tests and one-way ANOVA tests were carried out 

using Prism 7 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.  
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CHAPTER 3: Enzymatic degradation of PrPSc alters strain emergence 

 

 

3.1. Background 

 Prion diseases are caused by the misfolding of the normal self-encoded 

host protein PrPC to the abnormal isoform, PrPSc. The conformation of PrPSc 

encodes strain diversity (Safar, 1998; Telling, 1996). Multiple strains can coexist 

within a host or environment, and this co-occurrence of strains can result in strain 

interference (Cali, 2009; Mazza, 2010; Puoti, 1999; Uro-Coste, 2008). Strain 

interference is a phenomenon in which a slowly-converting, blocking strain can 

delay or abolish the emergence of a quickly-converting strain. Strain interference 

has been observed with mice and hamsters with multiple routes of inoculation 

suggesting that strain interference is a common property of strains (Bartz, 2007; 

Dickinson, 1972). The phenomenon has also been recapitulated in vitro using 

PMCA (Shikiya, 2010). 

As discussed in Chapter 1, many parameters govern prion strain 

interference. Two key factors include the starting titer of the blocking strain. As 

the initial titer of the blocking strain is increased, there is a corresponding 

increase in the interference effect (Dickinson and Outram, 1979; Kimberlin and 

Walker, 1985). The titer of the blocking strain must be greater than the 

superinfecting strain in order for interference to occur in vivo and in vitro, and the 

onset of blocking strain conversion must occur before that of the more efficiently 

converting short incubation strain (Bartz, 2007; Shikiya, 2010).  
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The blocking strain must be infectious. For example, TME is not infectious 

when inoculated into mice (Marsh, 1969). Inoculation of TME before 

superinfection with either the mouse strains 22A, ME7, 22C, 139A, 87A, 79A, or 

79V did not cause an extension in incubation compared to animals inoculated 

with the murine-adapted strains alone (Taylor, 1986). Treatment of the murine-

adapted blocking strain 22A with urea or exposing 22A to ionizing radiation can 

inactivate 22A, eliminating its ability to block the emergence of mouse strain 22C 

(Kimberlin and Walker, 1985). Boiling 22A does not result in a complete 

inactivation with 22A (Kimberlin and Walker, 1985). When this material is used as 

a blocking strain a portion of the animals and a significant increase in incubation 

period of the superinfecting strain, 22C (Kimberlin and Walker, 1985). This 

observation reinforced the positive correlation between titer of the blocking strain 

and outcome of strain interference.  

To further investigate the interference effect in vitro, I utilized two well-

characterized hamster prion strains, HY and DY. During the original isolation of 

these strains, it was established that DY PrPSc is significantly more susceptible to 

PK degradation compared to HY (Bessen and Marsh, 1992a). PK was used as 

an enzymatic means to preferentially degrade DY PrPSc to a greater extent than 

HY PrPSc. To prevent PK from degrading the PMCA substrate, it was necessary 

to remove the protease from the HY and DY samples after digestion. To 

complete these studies, I developed a protocol to remove PK from the samples 

after digestion in order to perform PMCA strain interference.  
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3.2 Results 

3.2.1 DY PrPSc is more susceptible to degradation than HY PrPSc.  

Following digestion of uninfected hamster brain homogenate with PK, we 

failed to detect PrPC (Figure 3.1). Digestion of HY or DY-infected brain 

homogenates with PK resulted in N-terminal truncation of PrPSc with the 

characteristic strain-specific migration of the unglysoylated PrPSc polypeptide at 

21- or 19-kDa, respectively (Bessen and Marsh, 1992a) (Figure 3.1A). Compared 

to 1 hr PK-treated controls, 24 hr PK digestion of HY or DY-infected brain 

homogenates (n=3) resulted in a significant (p<0.05) 5% (SEM±5.5) and 80% 

(SEM±20.7) reduction in PrPSc abundance, respectively (Figure 3.1B). 
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Figure 3.1. Strain-specific sensitivity to proteolytic digestion. Western blot 

A) and quantification B) of mock-infected (UN), drowsy TME (DY) or hyper TME 

(HY) infected brain homogenate treated without (0) or with (1 or 24 hr) proteinase 

K (PK).  Digestion of PrP with PK for 24 hr results in a significant (p<0.05) 

reduction in PrP abundance in UN and DY samples compared to 1 hr PK digest 

controls. The abundance of PK-digested DY PrPSc is significantly (p<0.05) 

reduced compared to PK digested HY PrPSc (n=3).  This experiment was 

repeated a minimum of 3 times with similar results. Migration of 19- and 21-kDa 

molecular weight marker is indicated on the left of the Western blot. 
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3.2.2 PMCA converting activity per PrPSc monomer is not altered by protease 

digestion.  

 Residual PK in digested samples would degrade PrPC the PMCA brain 

homogenate substrate, preventing the formation of PrPSc in PMCA. To overcome 

this obstacle, I modified an established PrPSc enrichment protocol consisting of 

detergent extractions and washes in DPBS to remove PK based on differential 

solubility of PK and PrPSc in N-Lauryl sarcosine (section 2.5) (Beekes, 1995). To 

validate PK removal, PK-digested uninfected brain homogenate was prepped to 

remove PK before seeding one round of PMCA. The PrPC content of PMCA 

reactions seeded with PK-digested material did not significantly (p>0.05) differ 

from unsonicated control samples (Figure 3.2).  

PMCA conversion coefficient (PMCA-CC) experiments determined that 1 

hr PK-treated HY and DY were not changed in PMCA-CC while 24 hr treatment 

resulted in a 10- and 4-fold reduction in conversion efficiency, respectively 

(Figure 3.3A & B). 

It is possible that the remaining DY and HY PrPSc may have lower PMCA 

converting activity per unit PrPSc compared to mock-digested PrPSc. To test this 

possibility, we first normalized the amount of monomeric PrPSc via Western blot 

to ensure that an equal amount of PK-digested or undigested DY and HY PrPSc 

was analyzed by PMCA-CC. I found that PK-digested and mock-digested DY 

PrPSc both had a PMCA-CC of 0.032 (dilution factor=0.063) (Figure 3.4A). Mock-

digested and PK-digested HY PrPSc both amplified to a dilution factor of 1x10-6 

after one round of PMCA (Figure 3.4B). Overall, we found that PrPSc that 
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remained after PK digestion has similar PMCA-CC compared to undigested 

PrPSc.   
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Figure 3.2. Purification protocol removes PK. Western blot analysis (A) of 

PMCA reactions (PMCA +) seeded with uninfected brain homogenate or frozen 

controls (PMCA -) that was treated with PK.  Corresponded PrPC abundance (B) 

is shown. Statistics: student’s two-tailed t-test; p>0.05. Experiment repeated a 

minimum of 3 times with similar results.   
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Figure 3.3. Conversion efficiency of PK digested HY and DY-infected brain 

homogenate is altered. Western blot of DY (A) and HY (B) PMCA-CC reactions. 

PMCA reactions were seeded with untreated (t=0), 1 hr PK-digested (t=1), or 24 

hr PK-digested (t=24) HY or DY. Experiments repeated more than 3 times with 

similar results.  
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Figure 3.4. PMCA converting activity per unit of PrPSc is unchanged by PK 

digestion. Western blot of DY (A) and HY (B) PMCA reactions. Monomeric PrPSc 

was normalized by Western blot. PMCA reactions were seeded with untreated 

DY or HY (t=0) or 24 hr PK-digested DY or HY (t=24). Experiments repeated 

more than 3 times with similar results. 
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3.2.3 HY PrPSc emergence is unaltered by removal of sPrPSc.  

PK digestion of PrPSc will remove PK-sensitive PrPSc (sPrPSc), leaving only 

PK-resistant PrPSc (PrPres) (Pastrana, 2006; Safar, 1998). To determine the role 

of sPrPSc in strain interference, 1 hr PK-digested, containing only PrPres, or mock-

treated HY and DY-infected brain homogenates containing both PrPres and 

sPrPSc, were used as seeds for PMCAsi. Positive control reactions seeded with 

either 0.05 μg eq. of HY or 500 μg eq. DY-infected brain homogenate resulted in 

amplification of PrPSc that maintained the strain-specific migration pattern (Figure 

3.5, lanes 8/15 or 2/9, respectively). Unseeded negative control PMCA reactions 

did not amplify PrPSc (Figure 3.5, lane 1). To test strain interference in vitro, 0.05 

μg eq. of either PK digested or undigested HY and 500 μg eq. of DY-infected 

brain homogenates were mixed together as seed for PMCAsi. In the strain 

interference undigested positive control group (Figure 3.5, lanes 3-7), HY PrPSc 

emerges after 4 rounds of PMCA. In the PK-digested experimental group (Figure 

3.5, lanes 10-14) HY PrPSc emergences after 4 rounds of PMCA. Overall, the 

removal of HY and DY sPrPSc by PK digestion does not change the emergence 

of HY PrPSc from a mixture suggesting that sPrPSc does not significantly 

contribute to strain interference with this strain combination.  
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Figure 3.5. HY PrPSc emergence in PMCAsi is not altered by the removal of 

sPrPSc.  Western blot (A) and migration analysis (B) of PrPSc from PMCAsi 

reactions. Negative control UN brain homogenate reactions did not amplify PrPSc 

(lane 1). Positive control PMCA reactions seeded with either HY or DY 

maintained the 21- or 19-kDa strain-specific unglycosylated PrPSc migration 

pattern following 5 rounds of amplification (lanes 8, 15 and 2, 9, respectively). 

Positive control PMCAsi reactions seeded with both HY and DY (lanes 3-7) in the 

absence of PK digestion resulted in HY PrPSc emerging by round four. 

Experimental PMCAsi reactions seeded with both HY and DY TME (lanes 10-14) 

that were digested with PK for 1 hr resulted in HY PrPSc emerging in round four. 

Experiments repeated more than 3 times with similar results.   
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3.2.4 Preferential removal of DY PrPSc enhances the emergence of HY PrPSc.  

The decrease in PrPSc abundance corresponds to changes in the PMCA-

CC (Figures 3.2 & 3.3). To determine if adjusting HY and DY PrPSc abundance by 

selective degradation could alter strain emergence, 24 hr PK-digested or mock-

treated HY and DY-infected brain homogenates were used as seeds for PMCAsi. 

Positive control reactions seeded with either 0.05 μg eq. of HY or 500 μg eq. DY-

infected brain homogenate resulted in amplification of PrPSc that maintained the 

strain-specific migration pattern (Figure 3.6, lanes 8/15 or 2/9, respectively). 

Unseeded negative control PMCA reactions did not amplify PrPSc (Figure 3.6, 

lane 1). To test strain interference in vitro, 0.05 μg eq. of HY and 500 μg eq. of 

DY-infected brain homogenates were mixed together as seed for PMCAsi. In the 

strain interference positive control group (Figure 3.6, lanes 3-7), HY PrPSc 

emerges after 4 rounds of PMCA. In the PK-digested experimental group (Figure 

3.6, lanes 10-14) HY PrPSc emerges after 2 rounds of PMCA. Overall, alteration 

of the effective ratio of HY to DY PrPSc by PK digestion results in emergence of 

HY PrPSc earlier compared to undigested controls.  
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Figure 3.6. Selective degradation of DY PrPSc enhances the emergence of 

HY PrPSc from a mixture.  Western blot (A) and migration analysis (B) of PrPSc 

from PMCAsi reactions. Negative control UN brain homogenate reactions did not 

amplify PrPSc (lane 1). Positive control PMCA reactions seeded with either HY or 

DY TME maintained the 21- or 19-kDa strain-specific unglycosylated PrPSc 

migration pattern following 5 rounds of amplification (lanes 8, 15 and 2, 9, 

respectively). Positive control PMCAsi reactions seeded with both HY and DY 

(lanes 3-7) in the absence of PK digestion resulted in HY PrPSc emerging by 

round five. Experimental PMCAsi reactions seeded with both HY and DY TME 

(lanes 10-14) that were digested with PK for 24hr resulted in HY PrPSc emerging 

in round 2. Experiments repeated more than 3 times with similar results.   
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3.2.5 PrPres is not more stable after enzymatic digestion.  

There is conflicting data on the relationship between PrPSc conformational 

stability and PrPSc conversion efficiency and the incubation period of disease 

(Ayers, 2011; Legname, 2006). Since conversion efficiency per unit of 

monomeric PrPSc is unaltered after PK digestion, I investigated if there were 

differences in the conformational stability of PrPres compared to untreated PrPSc.   

24 hr PK-treated HY and DY brain homogenates were subjected to the 

crude protein isolation protocol for PK removal. After protein isolation, monomeric 

PrPSc of PK-treated samples were normalized to PrPSc levels in HY and DY-

infected brain homogenate controls via Western blotting. PK-treated samples 

were added to normal brain homogenate to keep total protein content equivalent 

between all the treatment groups analyzed. PrPSc conformational stability was 

determined by incubating samples with increasing concentrations of the 

chaotropic agent, guanidinium hydrochloride (GdnHCl), before PK digestion as 

described in section 2.10 of this thesis. 

The assay established that PrPSc of samples 24 hr PK-treated samples 

had an increased conformational stability compared to untreated HY and DY 

controls (Figure 3.7A). The inflection point (GdnHCl[1/2]) of PK-treated HY PrPSc 

was 3.60 ± 0.07 and was significantly greater (p<0.05) compared to 2.75 ± 0.03 

of the untreated HY PrPSc control (Figure 3.7D & E). The inflection point of PK-

treated DY PrPSc also maintained a significantly greater (p<0.05) stability than 

that of the untreated control (Figure 3.7B & C).  
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The mechanism responsible for this increase in PrPSc conformational 

stability of HY PrPSc is unclear. The PrPSc enrichment protocol involves detergent 

extraction and it is established that the presence of a detergent alters PrPSc 

resistance to PK (Breyer, 2012). To investigate the possibility that the increased 

stability was due to detergent, mock-digested and PK-digested HY PrPSc were 

subjected to GdnHCl denaturation assay immediately after 1 or 24 hr incubation. 

It was unnecessary to standardize monomeric PrPSc for this experiment because 

the levels of PrPSc after PK digest were similar via Western blot detection. The 

inflection points of mock-, 1 hr PK-, and 24 hr PK-treated HY PrPSc did not 

significantly differ from one another (Figure 3.8). Overall, there is no change in 

conformational stability between PrPres and untreated controls. 
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Figure 3.7. Detergent extraction of PrPSc increases PrPSc conformational 

stability. (A) Representative 96-well plate detection of all samples. PrPSc 

denaturation curves of DY (B), 24 hr PK DY (C), HY (D), and 24 hr PK HY (E). 

The curves are generated from n=3. The GdnHCl values are standardized to the 

0M concentration of GdnHCl. Experiments repeated more than 3 times with 

similar results.   



74 

 

Figure 3.8. PrPSc conformational stability is not increased in the absence of 

detergent. (A) Representative 96-well plate detection of all samples. PrPSc 

denaturation curves of HY (B), 1 hr PK HY (C), and 24 hr PK HY (D). The curves 

are generated from n=3. The GdnHCl values are standardized to the 0M 

concentration of GdnHCl. Experiment repeated 3 times with similar results.  
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3.3 Discussion  

Prion strain interference occurs in vitro, and the starting titer of the 

blocking strain can influence emergence (Shikiya, 2010). We used enzymatic PK 

degradation to shift the starting concentration of DY PrPSc. In the 1 hr PK treated 

PMCAsi reaction, PrPSc was not detected in uninfected control samples 

establishing that the samples were not contaminated, and spontaneous 

generation of PrPSc did not occur during PMCA. I found that in PMCAsi reactions 

with 1 hr PK treated material, HY PrPSc emerges similar to the control untreated 

PMCAsi reaction (Figure 3.5). This is consistent with the observation that 1 hr PK 

treated DY and HY have PMCA-CCs that did not differ from the untreated 

controls (Figure 3.3). The unchanged emergence of HY PrPSc after 1 hr PK 

treatment highlights that sPrPSc does not contribute to prion strain interference. 

These results contradict studies suggesting that sPrPSc plays a significant role in 

conversion and incubation period in mice and humans (Kim, 2011; Kim, 2012; 

Nazor, 2005). It is important to note that my experiments focus on removing 

sPrPSc as the initial seed for PMCAsi reactions. The production and participation 

of sPrPSc generated during PMCAsi cannot be excluded.  

 The titer of the blocking strain is a significant factor that can influence 

prion strain interference (Kimberlin and Walker, 1985). In 24 hr PK-treated 

PMCAsi reactions, HY PrPSc emerged in round 2 in comparison to round 4 HY 

PrPSc in the untreated control PMCAsi reaction (Figure 3.6). This is consistent 

with the decrease in the PMCA-CC of 24 hr PK-treated DY PrPSc compared to 
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untreated DY PrPSc while the 24 hr PK-treated HY PrPSc PMCA-CC remained 

unchanged (Figure 3.2).  

There are two possible explanations for the observed PMCA-CC decrease 

of 24 hr PK-treated DY PrPSc: (1) the PK-resistant subpopulation of DY PrPSc 

after digestion displays lower conversion activity than a sample containing all 

PrPSc populations, or (2) the reduction in conversion activity is due to less DY 

PrPSc present in the PMCA reaction. Normalizing monomeric PrPSc of 24 hr PK-

treated samples via Western blot before PMCA reactions “rescued” the PMCA-

CC observed with untreated DY PrPSc (Figure 3.4). Our data contradicts other 

work suggesting that PK treatment causes decreased conversion ability of PrPSc 

(Kim, 2012). The study referenced did not normalize monomeric PrPSc before 

subjecting the samples to RT-QuiC analysis to examine conversion (Kim, 2012). 

In our study, PrPSc content was normalized to exclude the possibility that 

differences in conversion could be attributed to starting PrPSc seed. This 

suggests that the decrease in conversion activity is a direct result of the initial DY 

PrPSc seed in the PMCA reaction, not a change in converting activity of the PrPSc 

molecule. Thus, the earlier emergence of HY PrPSc in 24 hr PK treated PMCAsi 

can also be attributed to the reduction in DY PrPSc. 

The relationship between conversion efficiency and conformational 

stability is unclear (Ayers, 2011; Legname, 2006). We established that the PK 

resistant subpopulations of HY and DY PrPSc have the same conversion capacity 

per monomer of PrPSc when total starting protein content is accounted for in 

PMCA experiments (Figure 3.4). Kim et al. analyzed conformational stability after 



77 

protease treatment of sCJD PrPSc and found that PK treatment does alter the 

stability of sCJD PrPSc (Kim, 2012). Our initial GdnHCl denaturation curves 

suggested that PrPres had a higher conformational stability after 24 hr PK 

treatment (Figure 3.6), but this was found to be due to detergent altering 

protease sensitivity (Breyer, 2012). The GdnHCl denaturation assay was 

repeated without subjecting the samples to detergent extraction of PK digestion. 

In the absence of detergent, we observed similar inflection points for mock-, 1 hr 

PK-, and 24 hr PK-treated HY PrPSc (Figure 3.8). This observation suggests that 

PK treatment does not lead to changes in conformational stability or conversion 

efficiencies with the strains tested. Additionally, detergent extraction increased 

conformational stability (Figure 3.7), but there was not a corresponding change in 

PMCA-CC compared to control samples that were not exposed to detergent 

(Figure 3.2), highlighting the disconnect between stability and conversion 

efficiency in hamster prion strains. Overall, these experiments indicate that 

alterations to HY PrPSc emergence in PMCAsi after PK treatment can be 

attributed to the initial starting seed of the blocking DY strain. This is consistent 

with prior work from Kimberlin et al. establishing that starting titer of the blocking 

prion strain must be high enough to delay the emergence of the superinfecting 

strain (Kimberlin and Walker, 1985).   
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CHAPTER 4: Surface bound prions participate in strain interference 

 

4.1 Background 

After being shed into the environment (see section 1.3.2), prions can 

adsorb to surfaces including soils, feeding troughs, and fences and persist in the 

environment for extended periods of time (Johnson, 2006; Konold, 2015; 

Maddison, 2010). Soil and water samples surrounding mineral licks contain 

PMCA seeding activity and may be focal points of CWD infectivity (Lavelle, 2014; 

Plummer, 2018). Prions in the environment can remain infectious for extended 

periods as evidenced by transmission of CWD in captive deer facilities and 

scrapie to sheep in pastures that were left empty for multiple years (Georgsson, 

2006; Miller and Williams, 2003). In medical settings, prions can contaminate 

surgical instruments and remain infectious following standard sterilization 

procedures, enabling iatrogenic infection in medical settings (Collins, 1999; Will 

and Matthews, 1982). The infectivity of prions bound to stainless steel, with and 

without decontamination treatments, has been experimentally verified with both 

animal and human prions using animal bioassay and multiple in vitro PrPSc 

detection techniques (Belondrade, 2016; Eckhard Flechsig and Weissmann, 

2001; Eva Zobeley, 1999; Mori, 2016).  

Attachment to surfaces alters PrPSc properties. The adsorption of PrPSc to 

a surface is influenced by a multitude of factors including the prion strain, species 

of origin, and surface type, with no predictable behavior for any singular criteria 

(Johnson, 2006; Maddison, 2010; Saunders, 2008; Saunders, 2009a). Ions 
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present in either the protein matrix or the surface can impact surface adsorption 

as well as protein conformation (Saunders, 2011c). The cumulative effect of 

these factors can result in differences in prion adsorption, infectivity, and 

response to inactivation.  

The effects of soil composition on prion binding and infectivity are only 

beginning to be understood. Soils containing clays appear to have a higher 

binding affinity for prions (Saunders, 2009c; Wyckoff, 2016). Clay content of soil 

and pH positively correlate with CWD prevalence (Dorak, 2017). Clay soil 

minerals range from expansive to non-expansive, with expansive clays (e.g. 

montmorillonite) having the strongest affinity for protein binding while kaolinite, a 

non-expansive phyllosilicate, has low binding affinity (Johnson, 2006). Adsorption 

of PrPSc to soil reduces PMCA conversion activity and infectivity of multiple prion 

strains (Saunders, 2011b). Adsorbed of HY to silty clay loam (SCL) and 

montmorillonite (Mte), animals were intracerebrally inoculated with the prion-soil 

mixtures and exhibited a 14-day increase or 10-day decrease in incubation 

period compared to animals inoculated with HY TME alone, respectively 

(Johnson, 2006; Saunders, 2011b). Humic acids in soils can degrade PrPSc and 

reduce prion infectivity (Kuznetsova, 2018; Smith, 2014).  

 

4.2 Results 

4.2.1 Prions bind to stainless steel wire and seed conversion in PMCA. 

 PrPSc can bind to stainless steel surgical instruments and remain 

infectious (Lemmer, 2008; Lemmer, 2004; Zobeley, 1999). For adsorption 
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experiments, stainless steel suture was cut to 3mM lengths before incubation 

with HY-infected brain homogenate for 24 hrs. HY PrPSc was extracted from 

wires by boiling in 2x Sample buffer containing 4M urea. Compared to the 

unbound HY control, HY PrPSc was detected via Western blot in the wire, 

supernatant, and first wash fractions (Figure 4.1). To calculate mass balance, HY 

PrPSc in all fractions was normalized to an unbound HY PrPSc control set to 

100%. The PrPSc abundance from all fractions was then added, and recovery of 

HY PrPSc was 100% compared to unbound controls (Figure 4.1). By calculating 

PrPSc microgram equivalents (µg eq.) from the relative PrPSc densitometry data, it 

was determined that approximately 16 µg eq. of HY brain homogenate (~104 

LD50) was bound to each individual wire.  

Prion conversion capacity was measured by performing one round of 

PMCA. A control of 50 µg eq. of unbound HY PrPSc was used as a positive 

control. Three wires (~50 µg eq. of total bound HY PrPSc) were used to seed the 

stainless steel bound PMCA reactions. With the unbound HY PrPSc set to 100% 

as a control, wire-bound PrPSc exhibited a significant (p<0.05) ~25% reduction in 

amplification efficiency after one round of PMCA (Figure 4.2). Normal brain 

homogenate and untreated wires were used as negative controls for 

contamination and stainless steel induced formation of PrPSc, respectively, and 

both samples did not result in detection of PrPSc (Figure 4.2). To test the effect of 

the presence of wires on conversion, three clean wires were placed in samples 

with unbound HY PrPSc as seed. When wires were simply spiked into the 

samples, there was a significant (p<0.05) 60% increase in detectable conversion 
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(Figure 4.2). Since the tubes used for adsorption are not siliconized, PrPSc could 

adsorb to the sides of the PCR tube during the adsorption process. I chose to 

analyze this by testing for conversion activity. After washing the tube with DPBS, 

normal brain homogenate was placed in PCR tubes and subjected to one round 

of PMCA. This resulted in detectable conversion similar to that of unbound HY 

PrPSc controls (Figure 4.2), suggesting PrPSc was present in the tube. 
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Figure 4.1. HY PrPSc binds to stainless steel wire. Western blot analysis (A) 

and corresponding quantification (B) of HY PrPSc bound to stainless steel wire. 

Positive unbound control of HY (Lanes 1,2) followed by wire adsorbed HY (Lanes 

3,4), supernatant (Sup; Lanes 5,6), wash 1 (W1; Lanes 7,8), wash 2 (W2; Lanes 

9,10), wash 3 (W3; Lanes 11,12), and wash 4 (W4; Lanes 13,14). Densitometry 

data was normalized to unbound HY PrPSc as 100%. Experiments repeated 3 

times with similar results. 
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Figure 4.2. HY PrPSc bound to stainless steel wire amplifies in PMCA. 

Western blot analysis (A) and corresponding quantification (B) of HY PrPSc 

detection after one round of PMCA. Negative uninfected control (Lane 1) and 

clean wire negative control (Lane 2). Positive control HY (Lanes 3-5). 

Experimental HY adsorbed to wire (Lanes 6-8). HY with clean wires spiked in to 

the PMCA reaction (Lanes 9-11). Tube from PrPSc adsorption used as seed 

(Lanes 12-14). Image cropped from 2 different gels from the same experiment. 

Student’s t-test; p<0.05; n=3. 
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4.2.2 Conversion efficiency of SCL-bound prions is reduced. 

 Prions can bind to a variety of soil types, and adsorption to silty clay loam 

(SCL) decreases conversion efficiency of HY PrPSc (Saunders, 2011b). HY and 

DY PrPSc were separately bound to SCL by rotating at room temperature for 24 

hrs. The PMCA-CC was determined for bound and unbound HY and DY PrPSc to 

assess the effect of soil on conversion efficiency. There was an 8-fold decrease 

in PMCA-CC of DY PrPSc when bound to SCL compared to unbound DY PrPSc 

control (Figure 4.3A). Binding HY PrPSc to SCL resulted in a 1000-fold decrease 

in PMCA-CC compared to unbound HY PrPSc controls (Figure 4.3B). 
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Figure 4.3. Conversion efficiency of SCL-bound PrPSc is reduced. Western 

blot analysis of DY (A) or HY (B) PMCA-CC with or without adsorption to SCL. 

Experiments repeated more than 3 times with similar results. 
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4.2.3 Prions separately bound to SCL are strain interference competent. 

 To investigate the effects of this environmentally relevant condition on 

strain emergence, HY and DY adsorbed to SCL were subjected to five rounds of 

PMCAsi. After five rounds of PMCAsi, PrPSc was not observed in the negative 

control samples, and the HY and DY positive control PMCA reactions maintained 

the strain-specific migration of 21- and 19-kDa PrPSc, respectively (Figure 4.4). 

When DY and HY are bound to SCL and PMCAsi is performed, HY emergence is 

similar to that of unbound control samples (Figure 4.4). Overall, binding of HY 

and DY PrPSc to SCL did not alter strain emergence under the conditions tested. 
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Figure 4.4. Separately binding HY and DY PrPSc to SCL does not alter strain 

emergence from a mixture. Western blot (A) and migration analysis (B) of PrPSc 

from PMCAsi reactions. Negative control brain homogenate did not amplify (lane 

1). Positive control reactions seeded with HY or DY maintained 21- or 19-kDa 

strain-specific unglycosylated PrPSc migration pattern after 5 rounds of 

amplification (lanes 8, 15 and 2, 9, respectively). Positive control PMCAsi 

reactions seeded with both HY and DY (lanes 3-7) resulted in the emergence of 

HY PrPSc at round 5. Experimental PMCAsi reactions seeded with both SCL 

bound HY and DY (lanes 10-14) resulted in HY PrPSc emerging by round 5. 

Experiments repeated more than 3 times with similar results. 
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4.2.4 Multiple prion strains can simultaneously bind SCL. 

 It is likely that soil surfaces encounter multiple prion strains. Little is known 

about the interaction of PrPSc with the surface of SCL and how these interactions 

result in strain-specific differences in adsorption. Simultaneous adsorption of 

multiple prion strains may alter binding properties to favor one strain. To test this 

possibility, HY and DY PrPSc were mixed at ratios of 1:1, 1:10, 10:1, and 1:100, 

respectively, before adding SCL and rotating for 24 hr at room temperature to 

allow adsorption. The migration pattern of each sample was determined by 

Western blot and lane migration analysis software. Mixing HY and DY at a 1:1 

ratio before adsorption resulted in unglycosylated polypeptide migration that lies 

between the characteristic 21- and 19-kDa migration of HY and DY, respectively 

(Figure 4.5A & B). The DY and HY adsorption ratios of 1:10, 10:1, and 100:1, 

respectively, all exhibited unglycosylated polypeptide migration similar to DY at 

19-kDa (Figure 4.5C-H).  

To investigate how simultaneous adsorption impacted in vitro conversion, 

two rounds of PMCA were performed prior to Western blot analysis. HY and DY-

infected brain homogenate mixed 1:1 was used for the PMCA seed. Brain 

homogenate samples exhibited the unglycosylated polypeptide migration pattern 

spanning the 19- and 21-kDa range after one round of PMCA, with all samples 

adopting the 21-kDa HY PrPSc migration after two rounds (Figure 4.6A & B). 

Similar results were observed with independently bound HY and DY-infected 

brain homogenate mixed 1:1 before PMCA (Figure 4.6C & D). The simultaneous 

HY and DY-infected brain homogenate adsorption seeded PMCA reaction 
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resulted in HY PrPSc migration after two rounds of PMCA (Figure 4.6E & F). This 

suggests that HY and DY PrPSc are likely binding at similar ratios to the SCL 

surface.  

In vitro strain interference occurs when the blocking strain is present at a 

much higher concentration than that of the coinfecting strain (Shikiya, 2010). To 

recapitulate this with simultaneous adsorption conditions, DY and HY-infected 

brain homogenate were mixed 100:1, respectively. The final pellet was then used 

as a seed for PMCAsi. After five rounds of PMCAsi, PrPSc was not observed in 

the negative control samples, and HY and DY-infected brain homogenate 

positive control PMCA reactions maintained the strain-specific migration of 21- 

and 19-kDa PrPSc, respectively (Figure 4.7). When DY and HY-infected brain 

homogenate are simultaneously bound to SCL, HY PrPSc emerges by round 5 of 

PMCA, similar to that of unbound control PMCAsi samples (Figure 4.7). This 

emergence pattern is similar to PMCAsi reactions seeded with independently 

bound HY and DY samples (Figure 4.4).  
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Figure 4.5. Migration of PrPSc after different mixing ratios of HY and DY. 

Western blot analysis and corresponding migration profile of DY and HY mixed at 

ratios 1:1 (A, B), 1:10 (C, D), 10:1 (E, F), or 100:1 (G, H), respectively. Migration 

profile was derived from densitometry data of the unglycosylated polypeptide of 

PrPSc. Experiments repeated more than 3 times with similar results. 
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Figure 4.6. HY and DY PrPSc simultaneously adsorbed to SCL behaves 

similarly to bound and unbound controls. Western blot analysis and 

corresponding migration profile of PMCA reactions seeded with 1:1 mixtures of 

DY and HY brain homogenate (A, B), independently bound HY and DY SCL (C, 

D), or simultaneously bound HY and DY SCL (E, F). Migration profile was 

derived from densitometry data of the unglycosylated polypeptide of PrPSc. 

Experiments repeated 3 times with similar results.   
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Figure 4.7. Prion strains bound simultaneously to SCL participate in strain 

interference. Western blot (A) and migration analysis (B) of PrPSc from PMCAsi 

reactions. Negative control brain homogenate did not amplify (lane 1). Positive 

control reactions seeded with HY or DY-infected brain homogenate maintained 

21- or 19-kDa strain-specific unglycosylated PrPSc migration pattern after 5 

rounds of amplification (lanes 8, 15 and 2, 9, respectively). Positive control 

PMCAsi reactions seeded with both HY and DY (lanes 3-7) resulted in the 

emergence of HY PrPSc at round 5. Experimental PMCAsi reactions seeded with 

both SCL bound HY and DY (lanes 10-14) resulted in HY PrPSc emerging by 

round 5. Experiments repeated more than 3 times with similar results. 
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4.2.5 Prions bound to SiO2 participate in strain interference.  

 As mentioned previously, prions bind to multiple soil types in a strain-

dependent manner (Saunders, 2011b). It is established that SCL decreases 

PMCA conversion efficiency; however, adsorption to silicon dioxide (SiO2) 

powder causes no significant changes to PMCA conversion (Saunders, 2011b; 

Yuan, 2015). SiO2 adsorption served as a PMCAsi control as a soil type that 

does not alter conversion efficiency of PrPSc. PrPSc was not detected in negative 

controls after 5 rounds of PMCAsi, and DY and HY-infected brain homogenate 

positive control PMCA reactions maintained the strain-specific migration of 19- 

and 21-kDa PrPSc, respectively (Figure 4.8). PMCAsi reactions seeded with SiO2-

bound prions resulted in HY PrPSc emergence in round 5, similar to positive 

control unbound PMCAsi reactions (Figure 4.8). 
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Figure 4.8.  Separately binding HY and DY PrPSc to SiO2 does not alter 

strain emergence from a mixture. Western blot (A) and migration analysis (B) 

of PrPSc from PMCAsi reactions. Negative control brain homogenate did not 

amplify (lane 1). Positive control reactions seeded with HY or DY-infected brain 

homogenate maintained 21- or 19-kDa strain-specific unglycosylated PrPSc 

migration pattern after 5 rounds of amplification (lanes 8, 15 and 2, 9, 

respectively). Positive control PMCAsi reactions seeded with both HY and DY 

(lanes 3-7) resulted in the emergence of HY PrPSc at round 5. Experimental 

PMCAsi reactions seeded with both SiO2 bound HY and DY (lanes 10-14) 

resulted in HY PrPSc emerging by round 5. Experiments repeated more than 3 

times with similar results.  
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4.3 Discussion 

 Stainless steel wire has served as a proxy for surgical steel instruments in 

many prion decontamination studies (Lemmer, 2008; Lemmer, 2004; Secker, 

2011; Zobeley, 1999). HY PrPSc can efficiently bind stainless steel wire and seed 

in vitro conversion (Figures 4.1 & 4.2). Hughson et al. established that a pure 

formulation of hypochlorous acid (HOCl) could inactivate PrPSc as well as other 

amyloid proteins such as tau and α-synuclein (Hughson, 2016). The current 

knowledge is focused on efficacy of decontamination rather than evaluation of 

strain-specific decreases in efficacy, or “breakpoints”, that may exist. The initial 

wire adsorption experiments will serve as the foundation for future projects 

focused on testing prion strain-specific efficacy of HOCl. Utilizing multiple 

adsorption surfaces expands the data available for defining how surface 

composition may alter protein-surface interactions. 

 Adsorbing HY to SCL decreases PMCA conversion efficiency by ~80% 

and results in a log decrease in infectivity determined by hamster bioassay 

(Saunders, 2011b). My experiments performing the PMCA-CC of SCL-bound DY 

and HY was consistent with this previous result. Binding DY and HY to SCL 

resulted in 8-fold and 1000-fold decreases in PMCA-CC, respectively (Figure 

4.3). These experiments indicate that the interactions of HY and DY PrPSc with 

the SCL particle surface may be different, resulting in the corresponding 

differences in PMCA-CC between the bound and unbound states.  

More than one possibility exists to explain the observed differences in 

PMCA-CC. Previous studies by Saunders et al. observed a lower SCL binding 
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affinity of DY compared to HY (Saunders, 2009a). Lower binding affinity could 

result in more efficient desorption of PrPSc that corresponds to the higher 

conversion efficiency of SCL-bound DY compared to SCL-bound HY. If this were 

true, it would suggest that desorption from the soil surface may be necessary for 

conversion to occur. The PMCA-CC differences could also be explained by 

conformational differences between HY and DY PrPSc (Bessen and Marsh, 1994; 

Peretz, 2001; Safar, 1998). Many sites have been proposed as the PrPSc-PrPC 

interaction site that induces conversion to the misfolded state (Geoghegan, 2009; 

Miller, 2011; Taguchi, 2013; Taguchi and Schatzl, 2013). PrPSc-SCL surface 

interactions may more severely obstruct the PrPC nascent binding site on HY 

PrPSc than DY PrPSc. Hindering this interaction could lead to less efficient prion 

conversion that is observed both in vivo and in vitro. Surface interaction may 

stabilize PrPSc in a strain-specific manner, resulting in protection from proteolytic 

digestion, but lower PrPSc availability for conversion. 

SCL adsorption differentially alters the conversion efficiency of DY and HY 

PrPSc. Separately bound HY and DY were used as seeds for PMCAsi to 

investigate if SCL adsorption would alter the emergence of HY PrPSc. HY 

emergence in the SCL-bound PMCAsi samples mirrored HY emergence of 

unbound PMCAsi controls in round 5 (Figure 4.4). There was no apparent 

change to emergence when samples were bound to SCL. This could be 

explained by the stepwise dilution of soil in the PMCA sample as the presence of 

SCL in the PMCA tube corresponds to a decrease in conversion efficiency of HY 

and DY.  Following each round of PMCAsi, the sample is diluted, therefore 
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decreasing the amount of SCL-bound HY and DY in the system. The PMCAsi 

samples that were initially seeded with SCL-adsorbed HY and DY likely 

transitioned to newly converted unbound PrPSc participating in strain interference.  

 Previous work utilizing SCL as binding substrate has maintained a focus 

on the outcome of a single prion strain bound to an individual surface. To expand 

on this work, I investigated how adsorption may change when SCL is exposed to 

multiple prion strains. The ability of PrPSc to bind to a surface is dependent on 

complexity of the matrix that PrPSc is present (Saunders, 2009b). This can also 

vary in a strain-dependent manner as HY PrPSc has a higher affinity for SCL than 

DY PrPSc (Saunders, 2009a). DY and HY were mixed at ratios of 1:1, 1:10, 10:1, 

and 100:1, respectively, before adsorption. When analyzed via Western blot, 

there was a broad migration of the unglycosylated PrPSc polypeptide spanning 

19- and 21-kDa in samples mixed 1:1 (Figure 4.5A & B). All other mixtures 

exhibited a 19-kDa migration of the unglycosylated PrPSc polypeptide that is 

characteristic of DY, even when HY was present in excess (Figure 4.5C-H). One 

possible explanation for this observation is related to the binding affinity of DY 

PrPSc to the surface of SCL. Analyzing soil samples via Western blot allows 

detection of PrPSc that is extracted from SCL. The lower binding affinity of DY 

PrPSc could lead to a higher percentage of DY extraction relative to HY PrPSc 

which may have masked the detection of HY PrPSc.  

 To further analyze the impact of simultaneous binding, I tested the 1:1 HY 

and DY mixed samples in PMCA. This ratio was chosen because it exhibited the 

PrPSc migration properties of both strains (Figure 4.5). In PMCA reactions 
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seeded with unbound, independently bound, and simultaneously bound HY and 

DY, two rounds of PMCA resulted in full emergence of HY PrPSc (Figure 4.6). 

These experiments suggest that PrPSc from HY and DY saturate SCL, even 

when two strains may be competing for binding area.  

 In order for strain intereference to occur in vitro, a higher LD50 or more µg 

brain equivalents of the blocking strain compared to the coinfecting strain must 

be present (Shikiya, 2010). Because of this, the simultaneously bound DY and 

HY at the 100:1 ratio was chosen for PMCAsi studies The PMCAsi reactions 

seeded with the 100:1 ratio of bound DY and HY resulted in emergence similar to 

that of unbound control PMCAsi reactions in round 5 (Figure 4.7).  

 Prions have a greater affinity for soils containing clays and lower affinity 

for sandy soils (Johnson, 2006; Saunders, 2009b). Clay containing soils cause a 

decrease in conversion efficiency while sands have little effect (Saunders, 

2011b). Despite the differences in surface chemistry, there were no differences in 

HY PrPSc  emergence in PMCAsi (Figure 4.4 & 4.8). This data suggests that 

sandy soils and clay soils that do not abolish PrPSc conversion activity would 

allow for participation in strain interference. Soils containing high amounts of 

humic acid decrease PrPSc detection and infectivity (Kuznetsova, 2018). I would 

predict that soils with high humic acid content would eliminate or decrease the 

ability of prions to participate in strain interference.  

 Overall, these experiments highlight that surface bound prions can 

participate in strain interference. All previous work has focused on brain 

homogenate mixtures and defining the parameters that govern strain 
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interference. PMCA creates bona fide infectious prions making PMCAsi a useful 

tool for studying strain interference. This work expands our knowledge of strain 

interference and also environmental sources of prions.   
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CHAPTER 5: Prion strain emergence in the presence of environmental 

weathering 

 

5.1 Background 

Soil-bound prions are likely a prominent mechanism of prion disease 

transmission. After shedding, prions are exposed to many natural processes 

including weathering, microbial exposure, and surface binding (as described 

above). In the absence of any weathering processes, incubation of a tissue 

homogenate at room temperature can significantly degrade PrPSc, depending on 

the species of which PrPSc was derived (Saunders, 2011c). Prions are exposed 

to microbial life in the soil with varying effects to infectivity (McLeod, 2004; 

Yoshioka, 2007). Composting of carcasses or burial of infected tissue reduced 

PrPSc to undetectable levels, but prion infectivity remained in studies where this 

was examined (Brown and Gajdusek, 1991; Huang, 2007; Seidel, 2007).  

When prions are shed into the environment, they likely remain immobilized 

on surface soils exposed to weathering process that include repeated cycles of 

wetting and drying and freezing and thawing (Jacobson, 2010). Repeated cycles 

of wetting and drying can recapitulated in the laboratory by measuring changes in 

the moisture level of the soil. The number of repeated cycles is based on data 

from Rocky Mountain National Park in Colorado where up to 28 cycles of wetting 

and drying can occur over the period of a month (Yuan, 2015). Repeated 

exposure of soil-bound prions to cycles of wetting and drying can reduce protein 

abundance and PMCA conversion efficiency (Yuan, 2015). Cycles of freezing 
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and thawing can greatly reduce PrPSc abundance and conversion efficiency, but 

dehydration to a surface before exposure can protect PrPSc from degradation 

(Yuan, 2018). Importantly, the magnitude of these effects can vary in a strain-

dependent and surface-dependent manner.  

 

5.2 Results  

5.2.1 Binding to SCL further decreases PrPSc conversion efficiency after cycles 

of wetting and drying.  

 In the environment, prions are subjected to various weathering processes. 

Repeated cycles of wetting and drying decreases PrPSc abundance and 

significantly reduces the PMCA conversion efficiency and infectivity of HY or DY 

PrPSc (Yuan, 2015). To further investigate these findings, SCL adsorbed HY or 

DY-infected brain homogenate was exposed to simulated incubator wetting and 

drying cycles in an incubator at 40°C. Compared to the untreated unbound HY 

control, there was no significant change in proteolytic digestion after 10 cycles of 

wetting and drying with similar results in the SCL-bound HY samples (Figure 

5.1). Compared to untreated DY and SCL-bound DY, a significant increase in 

protease sensitivity in bound and unbound DY PrPSc samples was observed after 

the wetting and drying treatment (Figure 5.1).  

 To investigate if these changes in protease sensitivity had a 

corresponding effect on PrPSc conversion efficiency, the PMCA-CC of treated 

unbound and SCL-bound samples was performed. The PMCA-CC of treated and 

untreated unbound DY PrPSc was the same (0.256) with conversion detected 



102 

down to a dilution factor of 0.009 in both samples (Figure 5.2, Panel A). Western 

blot analysis detected PrPSc conversion of treated and untreated SCL-bound DY 

at the dilution factor 0.125, an 8-fold decrease in conversion efficiency compared 

to the unbound, untreated DY control (Figure 5.2, Panel A). After 10 cycles of 

wetting and drying, unbound HY PrPSc converted at a dilution factor of 1x10-4, a 

100-fold decrease compared to the untreated control (Figure 5.2, Panel B). When 

bound to SCL, untreated and treated HY PrPSc conversion as detected at a 

dilution factor of 0.001 and 0.1, respectively, showing a 1000-fold decrease in 

conversion efficiency compared to the untreated, unbound HY control (Figure 

5.2, Panel B).  
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Figure 5.1. Wetting and drying treatment differentially affects HY and DY 

PrPSc. Western blot (A) and corresponding PrPSc abundance (B) of unbound or 

SCL-bound HY and DY. Samples underwent 0 or 10 cycles of incubator wetting 

and drying treatment. PrPSc abundance was normalized to untreated (cycles: 0) 

HY or DY. * significant difference (p<0.05) as determined by two-tailed student’s 

t-test. Experiments repeated more than 3 times with similar results. 
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Figure 5.2. Wetting and drying treatment causes a decrease in PrPSc 

conversion efficiency of HY and DY. PMCA-CC Western blot analysis of a DY 

2-fold serial dilution (A) or a HY 10-fold serial dilution. Untreated (t=0) or treated 

(t=10) unbound and bound samples. Experiments repeated more than 3 times 

with similar results. 
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5.2.2 Repeated cycles of dehydration and rehydration of unbound prions does 

not alter strain emergence. 

To investigate if a natural weathering processes may affect strain 

emergence, unbound HY and DY-infected brain homogenates were mixed at a 

ratio of 10,000:1, respectively, prior to five rounds of PMCAsi. PrPSc was not 

detected in negative control reactions after five rounds of PMCA, and HY or DY-

infected brain homogenate seeded positive controls maintained the strain-

specific migration of 21- and 19-kDa PrPSc, respectively (Figure 5.3). In control 

PMCAsi reactions, HY emerged in round five of PMCAsi (Figure 5.3). When HY 

and DY were exposed to ten repeated cycles of wetting and drying treatment 

(t=10) prior to PMCAsi, HY PrPSc emerged similar to untreated control PMCAsi 

reactions (Figure 5.3). Overall, ten cycles of wetting and drying treatment do not 

alter the emergence of unbound HY PrPSc in PMCAsi. 
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Figure 5.3. Repeated cycles of dehydration and hydration does not alter 

strain emergence. Western blot (A) and migration analysis (B) of PrPSc  from 

PMCAsi reactions. Negative control brain homogenate did not amplify (lane 1). 

Positive control PMCA reactions seeded with HY or DY maintained 21- or 19-kDa 

strain-specific unglycosylated PrPSc migration pattern after 5 rounds of 

amplification (lanes 8, 15 and 2, 9, respectively). Positive control PMCAsi 

reactions seeded with both HY and DY (lanes 3-7) resulted in the emergence HY 

PrPSc by round 5. Experimental PMCAsi reactions seeded with both HY and DY 

after wetting and drying treatment (lanes 10-14) resulted in the emergence of HY 

PrPSc by round 5. Experiments repeated more than 3 times with similar results. 
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5.2.3 Ten cycles of wetting and drying of protein to silty clay loam alters strain 

emergence.  

To examine if the decrease in PMCA-CC of SCL bound DY PrPSc subject 

to 10 repeated cycles of wetting and drying would result in a corresponding 

decrease in the ability of DY PrPSc to interfere in vitro, DY was bound to SCL and 

10 serial rounds of wetting and drying were performed prior to PMCAsi. Positive 

control HY and DY-infected brain homogenate seeded PMCA reactions 

maintained the characteristic strain-specific migration of 19- and 21-kDa, 

respectively (Figure 5.4). In PMCA reactions containing DY PrPSc bound to SCL 

treated with ten serial rounds of wetting and drying, PrPSc is not detected after 

five rounds (Figure 5.4, Panels C & D). In samples containing HY PrPSc bound to 

SCL treated with ten serial rounds of wetting and drying, detectable conversion of 

PrPSc occurs as early as round two of PMCA (Figure 5.4, Panels E & F). 

However, when these treated samples were mixed in PMCAsi, detectable HY 

conversion is not observed until round 4 of PMCAsi (Figure 5.4, Panels G & H) 

indicating in the absence of detectable DY PrPSc conversion, HY PrPSc 

emergence is delayed. To test if this phenomenon is specific to DY PrPSc, 

uninfected brain homogenate was bound to SCL and subjected to ten cycles of 

wetting and drying before being mixed with HY PrPSc that was bound to SCL 

prior to ten cycles of wetting and drying, at a ratio of 1:10000, respectively. 

Samples seeded with treated uninfected brain homogenate did not result in 

formation of PrPSc (Figure 5.4, Panels A & B). Samples seeded with HY PrPSc 

that was bound to SCL prior to ten cycles of wetting and drying resulted in 
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detectable amplification in round 2 of PMCA (Figure 5.4, Panels E & F). When 

HY and UN samples were mixed, HY PrPSc emergence was delayed until round 

5 of PMCAsi (Figure 5.4, Panels I & J).  

  



109 

 
Figure 5.4 Drying of brain homogenate to soil reactivates strain 

interference properties. Representative Western blot analysis of PrPSc 

amplificiation after PMCA of UN (A), DY (C), HY (E), mixed DY & HY samples 

(G), and mixed UN & HY samples (I) is shown. Corresponding protein 

abundance without (-) or with (+) PMCA of UN (B), DY (D), HY (F),  mixed (DY & 

HY) samples (H), and mixed (UN & HY) samples (J) is shown. Samples were 

aliquoted before each round of PCMAsi to serve as unsonicated controls. 

Statistical analysis: student’s t-test, * p< 0.05, n=3. Experiments were repeated a 

minimum of 3 times with similar results. 
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5.2.4 The delay in HY PrPSc emergence in PMCAsi is specific to dried protein. 

 To identify if the delay in HY PrPSc emergence was specific to dried 

protein, PMCAsi was repeated with uninfected brain homogenate bound to SCL 

before being mixed with HY PrPSc that was bound to SCL and subjected to ten 

cycles of wetting and drying, at a ratio of 1:10000, respectively. Samples seeded 

with SCL-bound uninfected brain homogenate did not result in formation of PrPSc 

(Figure 5.5, Panels A & B). Samples seeded with HY PrPSc that was bound to 

SCL and subjected to ten cycles of wetting and drying resulted in detectable 

amplification in round 3 of PMCA (Figure 5.5, Panels C & D). When HY and UN 

samples were mixed, HY PrPSc emerged in round 3 of PMCAsi (Figure 5.5, 

Panels E & F). Overall, we found that surface-adsorbed protein that is not dried 

does not delay the emergence of HY PrPSc, therefore, we conclude that drying of 

the protein on SCL is the variable responsible for the delay in emergence of HY 

PrPSc in PMCAsi. 
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Figure 5.5. HY PrPSc emergence is not delayed by presence of hydrated UN 

PrP bound to SCL. Representative Western blot analysis of PrPSc amplificiation 

after PMCA of UN (A), HY (C), mixed HY & UN samples (E). Corresponding 

protein abundance without (-) or with (+) PMCA of UN (B), HY (D), mixed (HY & 

UN) samples (F) is shown. Samples were aliquoted before each round of 

PCMAsi to serve as unsonicated controls. Statistical analysis: student’s t-test, * 

p< 0.05, n=3. Experiments were repeated more than 3 times with similar results.  
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5.2.5 SCL-bound prions are still infectious after wetting and drying treatment.  

 Binding HY to SCL can result in a 10-fold decrease in infectivity via i.c. 

inoculation of hamsters (Saunders, 2011b). Furthermore, ten cycles of wetting 

and drying of SCL-bound HY-infected brain homogenate extended the incubation 

period compared to i.c. inoculated controls (Yuan, 2015). My experiments were 

consistent with these previous findings as i.c. inoculation of all (n=5) of the 

hamsters inoculated with unbound (73±1) or bound (96±0) HY (n=5) developing 

disease with a significant (p< 0.05) extension of the incubation period compared 

to untreated controls (62±1 and 81±1, respectively) (Table 5.1). The infectivity of 

DY after SCL adsorption and wetting and drying treatment has not previously 

been investigated. I.c. inoculation of unbound DY exposed to 10 cycles of wetting 

and drying resulted in a significant (p< 0.05) extension in incubation period 

(185±2) compared to untreated control (176±1) (Table 5.1). Binding DY to SCL 

extended the incubation period (217±4) (Table 5.1). Wetting and drying treatment 

did not significantly (p> 0.05) extend the incubation period (221±3) compared to 

the untreated, bound samples as described in Table 5.1. Clinical diagnosis was 

confirmed via Western blot analysis where the unglycosylated PrPSc polypeptide 

migrated at 19 kDa consistent with DY infection (Figure 5.6).  
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Table 5.1. Incubation period and attack rate of unbound and SCL bound prions.  

a Number inoculated/number affected 
b Time from inoculation to onset of clinical signs (Mean incubation period ± SEM) 
  

Inoculum Attack Ratea       Incubation Periodb 

UN 0/5               >240 
DY t=0 5/5 176±1 
DY t=10 5/5 185±2 

DYSCL t=0 5/5 217±4 
DYSCL t=10 5/5 221±3 

HY t=0 5/5 62±1 
HY t=10 5/5 73±1 

HYSCL t=0 5/5 81±1 
HYSCL t=10 5/5 96±0 
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Figure 5.6. Confirmation of strain identity of brains from hamster bioassay. 

Western blot analysis of hamster brain tissue from hamsters that were i.c. 

inoculated with DY t=0 (6700) or DY t=10 (6701) (A), DYSCL t=0 (6702) or 

DYSCL t=10 (6703) (B), HY t=0 (6704) or HY t=10 (6705) (C), and HYSCL t=0 

(6706) or HYSCL t=10 (6707) (D). 19- and 21-kDa markers are denoted on the 

left. Experiments repeated more than 3 times with similar results. 
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5.2.6 SCL is saturated with PrPSc after 24 hours of adsorption in the absence of 

drying.  

It is possible that the observed delay in HY PrPSc emergence in PMCAsi is 

a result of free SCL in the PMCAsi reaction. To test this hypothesis, an 

adsorption time course was performed. To accomplish this, HY-infected brain 

homogenate was mixed with SCL and placed on a rotator for 24, 48, or 72 hours 

before collecting the final protein-soil (HY-SCL) pellet. To determine HY PrPSc 

abundance, 40 µg eq. of HY-SCL was analyzed via Western blot (Figure 5.7). 

The amount of HY PrPSc bound to SCL did not significantly (p> 0.05) differ 

between time points as determined by one-way ANOVA (Figure 5.7). Because 

SCL is saturated after a 24 hr incubation, the delay in HY PrPSc emergence in 

PMCAsi experiments is not attributed to additional binding of HY PrPSc to the soil 

surface in the absence of drying.   
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Figure 5.7. SCL is saturated with PrPSc after 24 hr adsorption. Western blot 

analysis (A) and corresponding PrPSc abundance (B) of HY bound to SCL for 24, 

48, or 72 hrs. Samples were normalized to signal of HY control. There was no 

significant differences between any timepoint. Experiment repeated 3 times with 

similar results. 
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5.2.7 Dehydrating PrPSc to SCL surface allows for further protein adsorption. 

 The delay in HY PrPSc emergence in PMCAsi when mixed with 

dehydrated SCL-bound UN PrPC, but not hydrated untreated SCL-bound UN 

PrPC, suggests this phenomenon is specific to dehydrated samples. In other 

words, we hypothesize that drying of the protein to the surface allows for 

additional protein adsorption to occur. To test whether saturated SCL-bound 

prion samples to sequester additional protein at the surface, I designed an 

experiment to create a protein-layered SCL particle. HY was bound to SCL 

before undergoing a 12 hr cycle of incubator drying. The sample was rehydrated 

by resuspending in 200µl of a 1% (w/v) HY-infected brain homogenate and 

rotated for 24 hr at RT before a final pellet was collected and washed. This pellet 

was resuspended in 20µl of DPBS and dehydrated. This process was repeated in 

a stepwise manner until 5 cycles of incubator wetting and drying were completed 

(Figure 5.10).  

 Dehydration of PrPSc to the SCL surface “recharged” the surface for 

additional binding. Western blot analysis of pellet fractions showed an increase in 

PrPSc signal from 0-2 treatment cycles (Figure 5.8). PrPSc signal plateaued after 

3 cycles of drying and reabsorption with cycles 3-5 showing no significant 

(p>0.05) increases between groups (Figure 5.8). This suggests the “recharge” 

capacity of the soil surface is finite. The supernatants and first wash were 

analyzed in the 96-well format for the presence of PrPSc. Low amounts of PrPSc 

were detected in the supernatants from cycles 0-2 (Figure 5.9). A plateau in 

binding was observed via Western blot after 3 cycles of treatment in the HY-SCL 
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pellet, and there was a corresponding increase in PrPSc signal detection in the 

supernatant and washes for cycles 3-5 (Figure 5.9). This data suggests that SCL 

can undergo multiple PrPSc binding events.  
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Figure 5.8. Additional binding of HY PrPSc plateaus after 3 repeated cycles 

of drying and adsorption. Western blot analysis (A) of SCL bound HY that has 

undergone 0-5 cycles of incubator drying with 24 hours of additional HY PrPSc 

adsorption between drying cycles. Corresponding PrPSc abundance (B) was 

normalized to an unbound HY PrPSc control. Statistical analysis: one-way 

ANOVA with unbound HY as comparator; * p<0.05. Experiments repeated 3 

times with similar results. 
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Figure 5.9. PrPSc content of supernatants and washes from adsorption 

cycles experiments correspond to a decrease in binding. 96-well plate 

analysis (A) of the supernatant and first wash from SCL bound HY that has 

undergone 0-5 cycles of incubator drying with 24 hours of additional HY PrPSc 

adsorption between drying cycles. Corresponding PrPSc abundance (B) was 

normalized to an unbound HY PrPSc control. Statistical analysis: student’s t-test, 

n=4, * p<0.05. Experiments repeated 3 times with similar results. 
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Figure 5.10. Repeated SCL adsorption model. SCL undergoes multiple cycles 

of incubator drying, separated by a 24 hr adsorption in 10% infected brain 

homogenate, as described in Section 2.8. Each cycle of drying and adsorption 

results in the addition of protein to the SCL-protein surface. This process 

continues until samples become saturated with protein. The black circle (cycle 0) 

represents the initial SCL-protein complex in the absence of drying. The 

individual colors correspond to the newly adsorbed protein after each cycle. 

 

  



122 

5.3 Discussion 

 Prion strain interference and the factors that govern strain interference 

have been extensively studied (Bartz, 2004; Dickinson, 1972; Eckland, 2018; 

Kimberlin and Walker, 1985; Shikiya, 2010). Chapter 4 investigated how surface 

adsorption alters strain emergence. In this chapter, the impact of natural 

weathering on strain emergence was examined.  

Consistent with previously published data, HY and DY PrPSc are 

differentially affected by repeated cycles of simulated wetting and drying (Figure 

5.2.1) (Yuan, 2015). Treatment also impacted PMCA-CC in a strain-dependent 

manner. Overall, wetting and drying treatment did not alter the PMCA-CC of 

unbound or SCL-bound DY PrPSc compared to untreated controls (Figure 5.2, 

Panel A). Ten cycles of wetting and drying of unbound HY PrPSc a resulted in a 

100-fold decrease in PMCA-CC compared to the untreated control group (Figure 

5.2, Panel B). When bound to SCL, HY PrPSc PMCA-CC was reduced 100 fold 

after 10 cycles of wetting and drying treatment compared to the untreated, SCL-

bound control (Figure 5.2, Panel B).  

When unbound HY and DY PrPSc were used as seeds for PMCAsi after 10 

cycles of incubator wetting and drying, HY PrPSc emergence was similar to that 

of untreated control PMCAsi reactions (Figure 5.3). The observation of 

preservation of a PK resistant population of SCL bound PrPSc that has reduced 

conversion activity has previously been observed with repeated cycles of wetting 

and drying or freezing and thawing (Yuan, 2015; Yuan, 2018). Based on this 

observation, it was reasoned that this population of PMCA conversion inhibited 
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SCL-bound DY PrPSc would be unable to inhibit HY conversion, thereby allowing 

HY to emerge more rapidly when present in a mixture. This would also be 

consistent with findings with selective digestion of DY PrPSc allowing for the more 

rapid emergence of HY PrPSc (Figure 3.5). Unexpectedly, the presence of PMCA 

conversion incompetent SCL bound DY PrPSc was able to interfere with the 

emergence of HY PrPSc similar to positive control PMCA replication competent 

populations of DY PrPSc (Figure 5.4, Panel G). Interestingly, individually seeded 

HY PrPSc PMCA reactions led to the detection of HY conversion as early as 

round 2 of PMCA (Figure 5.4, Panel E). Conflicting with PMCA-CC data (Figure 

5.2, Panel A), treated SCL-bound DY PrPSc did not convert in PMCA under the 

experimental conditions used (Figure 5.4, Panel C). The initial detection of DY 

PrPSc in round 1 of PMCA was determined to be the initial PrPSc seed since there 

was no significant difference between the signal detected in the frozen control 

compared to the PMCA reaction (Figure 5.4, Panel C & D). The requirement of 

blocking strain infectivity is one factor governing the occurrence of strain 

interference (Kimberlin and Walker, 1985). This data is the first observed 

incidence of strain interference in the absence of blocking strain conversion. 

To investigate the mechanism of this finding, PMCAsi reactions were 

seeded with SCL-bound UN PrPC and SCL-bound HY PrPSc after both samples 

had undergone 10 cycles of wetting and drying treatment. It was observed that 

ten serial rounds of wetting and drying of uninfected brain homogenate adsorbed 

to SCL had the same interference effect as the conversion incompetent DY PrPSc 

bound to SCL (Figure 5.4, Panel I). HY PrPSc emerged in earlier rounds when 
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seeded in individual PMCA reactions (Figure 5.4, Panel E). Importantly, 

uninfected brain homogenate bound to SCL without serial rounds of wetting and 

drying and SCL alone did not have a blocking effect (Figure 5.5, Panel C & E). 

Degradation of PrPSc and the physical state of a protein bound to a surface can 

influence the effective ratios of strains in the environment. 

  We can not exclude the possibility that HY PrPSc may bind to the SCL-

protein surface sequestering it from further conversion. To explore this possibility, 

HY was bound to SCL and subjected to cycles of dehydration followed by a 24 hr 

period of further HY PrPSc adsorption. It was discovered that SCL-bound HY 

could undergo multiple binding events if separated by periods of dehydration; 

however, this effect appears to plateau after a finite number of cycles under the 

conditions tested (Figure 5.8). Data collected with supernatant and first wash 

fractions from the adsorption experiments correspond with a decrease in HY 

PrPSc sorption capacity over cycle time (Figure 5.9). Notably, further PrPSc 

adsorption to the surface is not a function of SCL saturation. A HY PrPSc 

adsorption time course established that SCL was saturated at 24 hrs, with no 

increase occuring up to 72 hrs, well beyond the 24 hr adsorption time utilized in 

this experiment (Figure 5.7). This data is the first to demonstrate that a saturated 

surface may undergo multiple binding events in the presence of natural 

weathering processes.  

There are several possibilities to explain how dehydration results in a 

“recharge” for surface binding. The physical state of PrPSc may be altered by 

cycles of drying. Dehydration can alter the secondary structures of proteins 
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(Kuntz and Kauzmann, 1974; Wu, 2006). Alteration of the protein structure may 

uncover binding sites on the soil for further PrPSc adsorption. Alternatively, 

changes in the soil properties, such as cation exchange capacity or surface 

charge, are induced by wetting and drying (Jablonowski, 2012; Lundquist, 1999). 

Changes in surface properties may lead to reorganization of PrPSc allowing 

further protein adsorption. Different clay minerals have different expansion 

properties, with more expanisive clays exhibiting an increased binding affinity for 

PrPSc (Johnson, 2006). Johnson et al. used X-ray diffraction to establish that 

PrPSc did not enter the interlayer spaces of montmorillonite, an expandable clay 

mineral, after 12 h in a dessicator (Johnson, 2006). It is possible that further 

cycles of wetting, drying and PrPSc adsorption could allow for interaction of PrPSc 

with cations within the interlayer space (Klein and Dutrow, 2007). Overall, this 

finding expands on the knowledge of prion disease transmission and could help 

explain the efficient transmission of CWD in both captive and wild populations.  

 The incubation periods of SCL-bound and unbound HY inoculum after 10 

cycles of incubator wetting and drying treatment are consistent with a log 

decrease in titer compared to the untreated controls (Table 5.1), as described 

previously (Yuan, 2015). PMCA conversion incompetent SCL-bound DY PrPSc 

retains DY infectivity (Table 5.1). Interestingly, this material was not only 

infectious, but there was no extension in the incubation period compared to 

untreated SCL bound control inoculated animals (Table 5.1). This data is in 

contrast with the lack of PMCA conversion observed in PMCAsi experiments 

involving SCL-bound DY after wetting and drying treatment. In bioassay 
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experiments, changes in incubation period are correlated to changes in the titer 

of inoculum (Prusiner, 1982b). However,10 to 100- fold differences in titer can 

result in similar incubation periods (Prusiner, 1982b). PMCA can be more precise 

than bioassay at measuring changes in infectious PrPSc units. A 10% (w/v) DY 

brain homogenate requires ~100-fold reduction to lose PrPSc conversion via 

Western blot detection. It is possible that the observed reduction in PMCA is 

insufficient to be measured by animal bioassay. Alternatively, it is possible that 

cellular processes can disassociate PrPSc from SCL resulting in a higher 

measured titer by animal bioassay compared to PMCA. The disconnect between 

PMCA-CC and infectivity of SCL-bound DY PrPSc after wetting and drying 

treatment could be attributed protein-surface interactions of DY PrPSc. Changes 

in the infectivity of bound and unbound treated HY PrPSc were consistent with 

previous reports (Yuan, 2015). Further experiments are necessary to define 

these relationships.  
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CHAPTER 6: Thesis summary and future directions 
 

6.1 Background 

 Prion diseases, otherwise known as transmissible spongiform 

encephalopathies, are characterized by long incubation periods and spongiform 

changes in the brain. The causative agent of prion diseases is PrPSc, the 

misfolded conformation of the normal, cellular protein, PrPC. This misfolding 

process is hypothesized to occur in a template-directed manner (Come, 1993; 

Gajdusek, 1988). PrPSc can assume multiple conformations which are thought to 

encode prion strain diversity (Safar, 1998; Telling, 1996). Prion strains can differ 

in neuropathology, clinical signs, and distinct biochemical features of PrPSc 

(Dickinson, 1968; Fraser and Dickinson, 1967, 1968).  

 Prion strains can exist as a mixture in an individual host (Cali, 2009; 

Mazza, 2010). Coexisting strains can interfere with each other. Strain 

interference is a phenomenon in which a slowly-converting, blocking strain can 

delay or abolish the emergence of a quickly-converting strain. Interference 

between strains has been observed experimentally in mice and hamsters (Bartz, 

2007; Dickinson, 1972). Parameters including titer, infectivity, and route of 

inoculation govern prion strain interference (Bartz, 2007; Kimberlin and Walker, 

1985; Marsh, 1969; Taylor, 1986). Environmental factors including surface 

binding, wetting and drying, or freezing and thawing can alter the infectivity in a 

strain-dependent manner (Saunders, 2011b; Yuan, 2015; Yuan, 2018).  

 Previous strain interference studies have focused on the coexistence of 

unbound prions (Bartz, 2007; Dickinson, 1972; Kimberlin and Walker, 1985). The 
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research presented in this dissertation is the first to investigate the effects of 

enzymatic degradation, surface binding, and environmental weathering on prion 

strain emergence. The prion strains, HY and DY, used in this strain interference 

research have been well-characterized (Bartz, 2004; Bartz, 2007; Bessen and 

Marsh, 1992a). 

   

6.2 Findings  

 The emergence of HY and DY PrPSc migration patterns in PMCAsi are 

well-characterized (Shikiya, 2010). PMCAsi was used to establish how various 

environmental factors can alter prion strain emergence. 

 The results of Chapter 3 showed that enzymatic digestion with PK does 

not change HY emergence in PMCAsi. DY PrPSc was more susceptible than HY 

to PK degradation after 24 hr incubation resulting in an 80% and 5% reduction in 

PrPSc abundance, respectively (Figure 3.1). The decrease in PrPSc abundance 

after 24 hr PK digest resulted in a corresponding decrease in the HY and DY 

PMCA-CC (Figure 3.2). One-hour PK digestion did not alter the PMCA-CC 

compared to untreated HY- and DY-infected brain homogenate controls (Figure 

3.2). When monomeric PrPSc was normalized via Western blot before performing 

the PMCA-CC, untreated and 24 hr PK-treated HY and DY samples had the 

same PMCA-CC (Figure 3.3).  

 Chapter 3 also investigated how HY emergence changes after PK 

digestion. PMCAsi experiments determined that removing HY and DY sPrPSc 

with a one-hour PK digest does not alter HY emergence (Figure 3.4). Further 
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PrPSc removal by 24 hr PK digestion resulted in earlier HY emergence compared 

to control reactions seeded with untreated DY- and HY-infected brain 

homogenate (Figure 3.5). Since conversion efficiency of monomeric PrPSc was 

not altered by PK digestion, the conformational stability of PrPSc compared to 

untreated PrPSc was analyzed. Initial results suggested that PrPres had a higher 

conformational stability (Figure 3.6). Further investigation revealed this was an 

artifact of the presence of detergent and that mock-, 1 hr PK-, and 24 hr PK-

treated HY PrPSc had similar conformational stabilities (Figure 3.7). Taken 

together, these results suggest that changes in prion strain emergence were a 

direct result of changing the ratios of the initial DY and HY PrPSc seed in the 

PMCAsi reactions.  

 In Chapter 4, surface adsorption and its effects on prion strain emergence 

was investigated. HY-infected brain homogenate was bound to stainless steel 

wire and seeded conversion in PMCA (Figures 4.1 & 4.2). The focus of these 

studies was prion adsorption to SCL as an environmentally relevant surface. 

There was a 1000-fold decrease in the PMCA-CC of SCL-bound HY and an 8-

fold decrease in SCL-bound DY compared to the PMCA-CC of unbound HY- and 

DY-infected brain homogenate (Figure 4.3). Despite the decrease in conversion 

efficiency, separately bound HY- and DY-infected brain homogenate can 

participate in strain interference similar to unbound control seeded PMCAsi 

reactions (Figure 4.4).  

 All prior studies have focused on strains individually bound to a soil. In 

Chapter 4, I simultaneously bound HY and DY-infected brain homogenate to SCL 
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at ratios of 1:1, 1:10, 10:1, and 1:100, respectively. Mixing HY and DY at a ratio 

of 1:1 before adsorption resulted in unglycosylated polypeptide migration that lies 

between the characteristic 21- and 19-kDa migration of HY and DY, respectively 

(Figure 4.5). The DY and HY adsorption ratios of 1:10, 10:1, and 100:1, 

respectively, all exhibited unglycosylated polypeptide migration similar to DY at 

19-kDa (Figure 4.5). Further, PMCA reactions seeded with unbound, 

independently bound, and simultaneously bound HY- and DY-infected brain 

homogenate mixed at a 1:1 ratio resulted in HY PrPSc migration of 21-kDa after 

two rounds of PMCA (Figure 4.6).  

 Since in vitro strain interference occurs when the blocking strain is present 

at a much higher concentration than that of the coinfecting strain, the 

simultaneous adsorption mixture of 100:1, DY and HY, respectively was chosen 

to seed PMCAsi. When simultaneously adsorbed HY and DY seeded PMCAsi, 

HY emerged similar to the unbound HY and DY-infected brain homogenate 

seeded control PMCAsi reactions (Figure 4.7). Lastly, prions were adsorbed to 

SiO2 because SiO2 does not decrease in vitro prion conversion efficiency 

(Saunders, 2011b; Yuan, 2015). When HY and DY-infected brain homogenate 

are separately bound to SiO2, HY PrPSc emergence is similar to unbound control 

PMCAsi reactions (Figure 4.8). Overall, these data establish that SCL-bound 

prions can participate in strain interference similar to unbound prions. 

 In Chapter 5, strain interference studies involving SCL-bound and 

unbound prions was expanded to test the effects of wetting and drying treatment. 

Compared to the untreated unbound HY control, there was no significant change 
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in proteolytic digestion after 10 cycles of wetting and drying with similar results in 

the SCL-bound HY samples (Figure 5.1). Compared to untreated DY and SCL-

bound DY, a significant increase in protease sensitivity in bound and unbound 

DY PrPSc samples was observed after the wetting and drying treatment (Figure 

5.1). Wetting and drying treatment led to a 100- and 1000-fold decrease in the 

PMCA-CC of unbound and SCL-bound HY PrPSc, respectively (Figure 5.2). After 

wetting and drying treatment, unbound DY PrPSc showed no change in PMCA-

CC, and an 8-fold decrease in PMCA-CC was observed for SCL-bound DY PrPSc 

after treatment (Figure 5.2).  

 PMCAsi reactions were seeded with HY and DY-infected brain 

homogenates after 10 cycles of wetting and drying. HY emergence did not differ 

from the control PMCAsi reactions seeded with untreated HY an DY-infected 

brain homogenate (Figure 5.3). Ten cycles of wetting and drying of SCL-bound 

HY and DY-infected brain homogenate before PMCAsi led to changes in strain 

emergence. Conversion incompetent SCL-bound DY was able to delay HY 

emergence, similar to that of controls (Figure 5.4). This phenomenon was not 

specific to DY PrPSc. Treated SCL-bound uninfected brain homogenate was able 

to delay the emergence of HY in PMCAsi similar to PMCAsi reactions seeded 

with treated SCL-bound HY and DY-infected brain homogenate (Figure 5.4). The 

delay in HY PrPSc emergence was found to be specific to SCL-adsorbed dried 

protein. In the absence of wetting and drying treatment, SCL-bound uninfected 

brain homogenate could not delay the emergence of HY PrPSc (Figure 5.5). 

Overall, we found that surface-adsorbed protein that is not dried does not delay 
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the emergence of HY PrPSc, therefore, we conclude that drying of the protein on 

SCL is the variable responsible for the delay in emergence of HY PrPSc in 

PMCAsi. 

 Interestingly, PMCA conversion incompetent SCL-bound DY-infected 

brain homogenate was infectious in hamsters (Table 5.1). Consistent with 

previous work, wetting and drying treatment extended the incubation period of 

both unbound (73±1) and SCL-bound (96±0)  HY compared to untreated i.c. 

inoculated controls (62±1 and 81±1, respectively) (Table 5.1) (Yuan, 2015). I.c. 

inoculation of unbound DY exposed to 10 cycles of wetting and drying resulted in 

a significant (p< 0.05) extension in incubation period (185±2) compared to 

untreated control (176±1) (Table 5.1). Binding DY to SCL extended the 

incubation period (217±4), but wetting and drying treatment did not significantly 

(p>0.05) extend the incubation period (221±3) (Table 5.1).  

 To investigate the mechanism responsible for SCL-adsorbed dried protein 

delaying HY emergence, I designed an experiment to create a protein-layered 

SCL particle. SCL is saturated after 24 hr adsorption in the absence of drying 

(Figure 5.7). This was expanded to include a 12 hr drying time between each 24 

hr adsorption of HY-infected brain homogenate, for a total of 5 cycles (Figure 

5.10). Dehydration of PrPSc to the SCL surface “recharged” the surface for 

additional binding (Figure 5.8). PrPSc signal plateaued after 3 cycles of drying 

and reabsorption with a corresponding increase in PrPSc signal in the supernatant 

and first wash fractions (Figures 5.8 & 5.9). Overall, this data suggests that SCL 

can undergo multiple PrPSc binding events. 
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6.3 Discussion  

Prion strain interference occurs in vitro, and altering the ratio of prion 

strains in a mixture can influence emergence (Shikiya, 2010). Kimberlin et al. 

determined that chemical treatment can reduce the ability of the blocking strain to 

prevent the emergence of a superinfecting strain (Kimberlin and Walker, 1985). 

Strain-specific selective degradation can alter prion strain emergence. The 

increased susceptibility of DY PrPSc to enzymatic degradation, compared to HY 

PrPSc, resulted in an earlier emergence of HY PrPSc in PMCAsi (Figure 3.6). This 

result suggests that in the environment, PrPSc from strains that survive 

environmental weathering may be more likely to be transmitted to a new host and 

favored in a population. The subpopulation of PrPSc that survives PK digestion 

may have an increased titer per unit PrPSc, providing an explanation for the 

observed results. The converting activity of PrPSc in mock-digested and digested 

samples were similar when normalized for monomeric PrPSc (Figure 3.4). Our 

data contradicts studies suggesting that PK treatment decreases the conversion 

ability of PrPSc (Kim, 2012). However, the referenced study did not normalize 

monomeric PrPSc before examining conversion via RT-QuiC (Kim, 2012). Overall, 

the enhanced emergence of HY is solely explained by the relatively larger 

decrease in DY PrPSc, compared to HY PrPSc, seeding the initial PMCA reaction.  

These results may also provide mechanistic insight into the emergence of 

thermostable strains following incomplete inactivation of prions during rendering 

which may have contributed to the emergence of BSE (Biacabe, 2004; Dickinson 

and Taylor, 1978; Taylor, 1989; Taylor and Woodgate, 2003; Wilesmith, 1992). 
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Chapter 3 further investigated the relationship between conversion efficiency and 

conformational stability which is not well-defined. Legname et al. showed that 

less stable prion conformations can replicate more rapidly than more stable 

conformations in mice (Legname, 2006). The opposite has been shown in 

hamsters with more efficient PrPSc amplification in prion strains with high 

conformational stability (Ayers, 2011). Kim et al. analyzed conformational stability 

after protease treatment of sCJD PrPSc and found that PK treatment does alter 

the stability of sCJD PrPSc (Kim, 2012). I observed similar GdnHCl[1/2] values for 

mock-, 1 hr PK-, and 24 hr PK-treated HY PrPSc (Figure 3.8), suggesting the 

conformation of PrPres does not differ from sPrPSc. Together, these data highlight 

the overall mechanistic disconnect between the PrPSc conversion efficiency and 

conformational stability of prions.  

Enzymatic degradation is one of many environmental factors that can alter 

infectivity of the blocking strain in strain interference. Chapter 4 is the first 

investigation of soil bound prions in strain interference. PMCA conversion 

efficiency of SCL-bound HY is decreased by ~80% and results in a log decrease 

in infectivity determined by hamster bioassay (Saunders, 2011b). PMCA-CC and 

hamster bioassay of SCL-bound HY-infected brain homogenate in Chapters 4 

and 5 are consistent with previous reports (Figure 4.3 & Table 5.1) (Saunders, 

2011b). This work adds the investigation of SCL-bound DY-infected brain 

homogenate which has not been previously reported. DY PrPSc exhibits an 

increased sensitivity to proteolytic digestion compared to HY PrPSc (Bessen and 

Marsh, 1992a), but results from PMCA-CC suggest that DY PrPSc is less 
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sensitive to SCL-binding induced changes (Figure 4.3). Conformational 

differences between HY and DY PrPSc  may explain differences in conversion 

(Bessen and Marsh, 1994; Peretz, 2001; Safar, 1998). Multiple PrPSc-PrPC 

interaction sites are proposed to induce conversion to the misfolded state 

(Geoghegan, 2009; Miller, 2011; Taguchi, 2013; Taguchi and Schatzl, 2013). 

PrPSc-SCL surface interactions may more severely obstruct the PrPC nascent 

binding site on HY PrPSc than DY PrPSc. If this were true, CWD strain differences 

and interactions with soil could be predictive of which strains are likely to emerge 

in a given area based on soil type.  

Despite these alterations to conversion efficiency after adsorption to SCL, 

there is no change in HY PrPSc emergence in PMCAsi compared to controls 

(Figure 4.4). Additionally, adsorption to SiO2, a soil component that does not 

inhibit conversion, had no effect on HY PrPSc emergence (Figure 4.8). It is likely 

that multiple prion strains exist in the environment and interact with different soil 

types. Overall, these data establish that prions bound to clay and sandy soils can 

participate in strain interference. 

Environmental weathering processes such as wetting and drying or 

freezing and thawing can enhance PrPSc degradation and decrease PrPSc 

conversion efficiency (Yuan, 2015; Yuan, 2018); The data presented in Chapter 5 

is the first to establish that repeated cycles of wetting and drying does not alter 

strain emergence (Figure 5.4). Ten serial rounds of wetting and drying of DY 

PrPSc bound to SCL did not alter the abundance of DY PrPSc but resulted in an 

extinction of PMCA conversion activity under the conditions tested (Figure 5.2). 
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This observation of preservation of a PK resistant population of SCL bound PrPSc 

that has reduced conversion activity has previously been observed with repeated 

cycles of wetting and drying or freezing and thawing (Yuan, 2015; Yuan, 2018). 

Unexpectedly, the presence of PMCA conversion incompetent SCL-bound DY 

PrPSc was able to interfere with the emergence of HY PrPSc similar to positive 

control PMCA replication competent populations of DY PrPSc (Figure 5.4). To 

investigate the mechanism of this finding, we found that ten serial rounds of 

wetting and drying of uninfected brain homogenate adsorbed to SCL had the 

same interference effect as the conversion incompetent DY PrPSc bound to SCL 

(Figure 5.4). Importantly, uninfected brain homogenate bound to SCL without 

serial rounds of wetting and drying and SCL alone did not have this effect (Figure 

5.5). The data presented in this thesis is the first observed incidence of strain 

interference in the absence of blocking strain conversion. 

In contrast with PMCA data, in vitro conversion incompetent SCL-bound 

DY was infectious, and there was no extension in incubation period to disease 

compared to untreated SCL-bound controls (Table 5.1). Changes in incubation 

period are correlated to changes in the titer of inoculum in animal bioassay 

experiments (Prusiner, 1982b). It is possible that cellular processes are able to 

dissociate DY PrPSc from the SCL surface after drying treatment, suggesting that 

desorption from the surface is necessary for infectivity. The requirement of 

blocking strain infectivity is a governing factor in strain interference (Kimberlin 

and Walker, 1985). To investigate how conversion incompetent SCL-bound DY 

could sequester HY PrPSc, I created a layered protein coated SCL particles. SCL-
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bound HY could undergo mulitple binding events after drying cycles (Figures 5.8 

& 5.9), illustrated by the proposed model (Figure 5.10). I propose the blocking 

effect in PMCAsi may be a result of conversion incompetent SCL-bound DY 

undergoing further adsorption, sequestering HY PrPSc and, therefore, delaying 

HY emergence in PMCAsi. This could be a property specific to clay-rich soil due 

to the expansion properties of clay minerals (Johnson, 2006; Klein and Dutrow, 

2007). One model correlates CWD persistence and infectivity with the clay 

content of soils (Dorak, 2017). The proposed repeated surface adsorption model 

could provide a mechanism to explain the correlation between soil clay content 

and persistence of prion disease in the environment. Further investigation of 

other soil types and strains is necessary to better define this mechanism.   

 

6.4 Future directions  

To further investigate potential conformational differences of sPrPSc and 

PrPres, the conformational stability and solubility assay (CSSA) (Pirisinu, 2010). 

The CSSA uses differences in conformational stability at various concentrations 

of GdnHCl to differentiate strains, and this could be used to isolate fractions of 

varying stabilities and test conversion efficiency in PMCA-CC (Pirisinu, 2010). 

Based on in vitro results, these studies could be expanded to include hamster 

bioassay or isolated stability fractions.  

BrioHOCl is a hypochlorous acid formulation that effectively eliminates 

infectivity of multiple prion strains, tau, and α-synuclein (Hughson, 2016). To 



138 

further examine strain-selective degradation and strain emergence, BrioHOCl 

would be applied to SCL-bound HY and DY-infected brain homogenate. PMCA-

CC and PMCAsi would be performed. The SCL strain interference studies would 

also be expanded to include cycles of freezing and thawing. Previously published 

work shows strain-specific susceptibility to freezing and thawing (Yuan, 2018).  

Prior work has utilized infected brain homogenate or purified PrPSc for 

surface adsorption studies (Johnson, 2006; Kuznetsova, 2018; Saunders, 

2011b). PrPSc would be purified and spiked in different matrices such as blood, 

urine, or saliva to determine what effect, if any, factors such as enzymes, other 

proteins, and ion concentrations have on surface adsorption.  

PMCA conversion incompetent SCL-bound DY is infectious in hamsters 

(Table 5.1). Future experiments using a cell culture model would be ideal to 

tease apart the mechanism that allows this material to convert in vivo but not in 

PMCA. These experiments could confirm the hypothesis that a cellular 

mechanism is responsible for the dissociation of PrPSc from the soil surface, 

allowing conversion.  

To better characterize the relationship between strain emergence and soil 

properties, different soil types would be used for surface adsorption. Soil humic 

acid substances have been shown to degrade CWD infectivity (Kuznetsova, 

2018). Soils with a high humic acid content could be tested using the multiple 

adsorption model to determine if the degradative properties of humic acids are 

finite. Different clay minerals have different expansion properties, with more 

expanisive clays exhibiting an increased binding affinity for PrPSc (Johnson, 
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2006). Future work with the multiple adsorption model would involve comparing 

clays with varying expansion properties such as montmorillonite, illite, and 

kaolinite (Klein and Dutrow, 2007). The respective layered protein minerals would 

be used as inoculum for animal bioassay to investigate effective titer compared 

to control samples that underwent a single PrPSc adsorption event. These 

experiments could provide mineral data that would expand the current knowledge 

of PrPSc interaction with whole soils, and build upon our proposed adsorption 

model.  
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