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ABSTRACT 
 

 Prion diseases are a group of transmissible neurodegenerative diseases 

that affect a variety of animal species, including humans.  The infectious agent is 

comprised of PrPSc, an abnormal isoform of the host-encoded prion protein, 

PrPC, and lacks a nucleic acid genome.  Historically, prion strains have been 

defined by differences in the distribution and severity of spongiform degeneration 

and PrPSc deposition within the central nervous system (CNS) following 

experimental passage.  However, while there is evidence to suggest that prion 

strain diversity is encoded by the conformation of PrPSc, the mechanisms 

responsible for strain-specific differences in neuropathology are not known.  

Potential mechanisms include strain-specific differences in 1) neuroanatomical 

transport, 2) neuronal susceptibility to infection, and 3) the efficiency of 

intracellular PrPSc accumulation. 

 To address the first possibility, the temporal and spatial spread of PrPSc in 

the CNS was assessed by immunohistochemistry following inoculation of 

hamsters in the sciatic nerve with either the hyper (HY) or drowsy (DY) strain of 

the transmissible mink encephalopathy (TME) agent.  Both strains of the agent 

were transported via the same four descending motor tracts, suggesting that 

strain-specific differences in axonal transport do not exclusively determine prion 

strain targeting. 

 Additionally, the distinct neuropathological characteristics observed 

between strains are unlikely to be due to strain-specific neuronal susceptibility.  
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Comparison of PrPSc deposition patterns by following different routes of infection 

indicated that all brain areas were susceptible to prion infection by both TME 

strains.  However, differences were detected in the PrPSc deposition of strains in 

the dorsal root ganglia, indicating a strain-specific susceptibility of neurons in the 

peripheral nervous system. 

 To better understand the mechanisms by which PrPSc conformation 

affects prion strain properties, comparisons were made between the biochemical 

properties of eight hamster-adapted prion strains and their neuropathological 

characteristics.  PrPSc from short incubation period strains was more efficiently 

replicated, had a more stable conformation, and was observed to be more 

resistant to clearance from the soma of neurons when compared to prion strains 

with a relatively long incubation period.  These results suggest that the balance 

between PrPSc replication and clearance in neurons influences the progression of 

prion disease.  Furthermore, the stability of a given prion strain conformation may 

affect its ability to replicate and its sensitivity to neuronal clearance. 

 The objectives for this dissertation were to understand the mechanisms 

responsible for prion strain targeting.  This was accomplished by studying a 

number of potential mechanisms that may account for the strain specificity of 

prion-induced neuropathology.   
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CHAPTER I: INTRODUCTION 

 

 Prion diseases, or transmissible spongiform encephalopathies (TSEs), are 

a group of infectious neurodegenerative diseases that affect animals including 

humans.  Incubation periods, or the time between infection and the appearance 

of clinical symptoms, can range from months to as long as 40 years for some 

cases of the human prion disease kuru.  The major neuropathological hallmarks 

in the central nervous system (CNS) include neuronal loss, spongiform 

degeneration, gliosis, and the accumulation of amyloid plaques or aggregates 

consisting of the abnormal, protease-resistant form of the host-encoded prion 

protein (PrP) (DeArmond, 1993; DeArmond et al., 1985; Prusiner et al., 1983).  

There is no effective therapy available to treat these diseases, and they are 

inevitably fatal (Collinge et al., 2009).  

 

1.1 NATURALLY OCCURING PRION DISEASES 

1.1.1 Animal Diseases 

 Scrapie is a disease of sheep and goats that was first recognized in 

England over two centuries ago and occurs primarily in sheep of breeding age.  

The origin of scrapie is unknown.  However, studies of the prion protein in sheep 

revealed several polymorphisms that strongly affect the susceptibility to scrapie, 

suggesting that disease begins in a flock due to a sporadic case in a genetically 

susceptible animal (Belt et al., 1995; Bossers et al., 1996; Hunter et al., 1997; 

Hunter et al., 1994; Westaway et al., 1994).  Studies investigating the 
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transmission of the agent to susceptible sheep have indicated a possible role for 

both horizontal and vertical transmission.  From a multitude of transmission 

studies, horizontal transmission is thought to occur via oral consumption of 

contaminated tissue and waste products (Foote et al., 1993; Hadlow et al., 1980; 

Hunter et al., 2002; Pattison et al., 1972).  Vertical transmission is believed to 

occur in utero to the developing lamb via scrapie-infected placenta, though it is 

difficult to discount horizontal transmission during the perinatal period in these 

studies (Foote et al., 1993; Foster et al., 1996; Onodera et al., 1993; Pattison et 

al., 1972). 

 Bovine spongiform encephalopathy (BSE) reached epidemic proportions 

in the UK during the late 1980s and early 1990s, and has since infected more 

than 2 million cattle throughout most European countries, the United States, 

Canada, and Japan.  It is a food borne infection that is linked to the exposure of 

cattle to the dietary protein supplement meat and bone meal (MBM), which 

contained infectious agent (Anderson et al., 1996; Wilesmith et al., 1991).  The 

recognition that BSE was caused by MBM led to the ruminant feed ban in 1988 

and subsequently to the decline of the BSE epidemic.  During the course of the 

BSE outbreak, other TSE diseases arose in a number of other animal species 

that had never been previously identified, suggesting the interspecies 

transmission of the BSE agent.  These species include captive wild exotic 

animals, such as the bovidae and felidae phylogenetic families, domestic cats 

(feline spongiform encephalopathy), and humans in the form of variant 

Creutzfeldt-Jakob disease (vCJD) (Baron et al., 1997; Baron et al., 2007; Bruce 
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et al., 1997; Collinge et al., 1996; Kirkwood & Cunningham, 1994; Lasmezas et 

al., 1996; Scott et al., 1999; Will et al., 1996). 

 Transmissible mink encephalopathy is a prion disease of ranched mink 

that was first described in Wisconsin in 1947. Outbreaks have been identified in 

Idaho, Canada, Germany, Finland, and Russia, with the most recent being in 

1985 in Stetsonville, Wisconsin (Hadlow & Karstat, 1968; Marsh, 1976; Marsh et 

al., 1991). The source of the outbreaks was originally believed to be scrapie-

infected sheep. However, the Stentsonville incident revealed evidence for a 

bovine origin of infection, as the rancher fed primarily “downer cows” and no 

sheep to his mink (Marsh & Bessen, 1993; Marsh et al., 1991).  Further studies 

have implicated an atypical form of BSE, called L-type BSE or bovine amyloidotic 

spongiform encephalopathy (BASE), as the causative agent of TME due to their 

similar biochemical and neuropathological properties (Baron et al., 2007). 

 Chronic wasting disease (CWD) is a prion disease of captive and free-

ranging mule deer, white-tailed deer, elk, and moose (Spraker et al., 1997; 

Williams, 2005; Williams & Miller, 2002).  It has been identified in 17 US states 

and two Canadian provinces, with mortality rates of over 15% in free-ranging 

deer and over 90% in deer herds (USGS, 2010; Williams & Miller, 2002).  The 

transmission of CWD has been demonstrated orally (Kincaid & Bartz, 2007; 

O'Rourke et al., 1997; Sigurdson et al., 1999).  However, the nasal cavity may 

also be an effective route of infectivity, as cervids are strongly driven by their 

sense of smell for many basic and essential life activities.  CWD is thought to be 

horizontally transmitted with high efficiency, however the mechanism for natural 
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transmission is not well understood (Miller & Williams, 2003).  The presence of 

infectious prions has been detected in saliva, urine, feces, blood, and placenta, 

implicating environmental contamination as a means of exposure (Gonzalez-

Romero et al., 2008; Mathiason et al., 2009; Mathiason et al., 2006; Miller & 

Williams, 2003; Race et al., 1998; Safar et al., 2008).  The prion agent binds to a 

number of different soils and soil minerals and remains infectious for a number of 

years, suggesting soil may protect prions from environmental degradation (Brown 

& Gajdusek, 1991; Miller et al., 2004; Saunders et al., 2009; Saunders et al., 

2010).  

 

1.1.2 Sporadic Human Prion Diseases 

 Human prion diseases are characterized clinically as severe neurological 

disorders with symptoms including a rapidly progressive dementia, myoclonus, 

visual or cerebellar signs, and akinetic mutism (Collins et al., 2004).  They can be 

sporadic, inherited, or infectious in origin. Approximately 85% of all human prion 

diseases are classified as sporadic (sporadic CJD) and affect one person in a 

million people per year worldwide. Mean age of onset is 55-60 years, and unlike 

other neurodegenerative diseases in which the incidence rises with age, sCJD 

incidence, for reasons unknown, drops sharply in individuals over the age of 70 

(Cousens et al., 1997).  Around 90% of patients die within 1 year following the 

onset of symptoms (Brown et al., 1994b).  In the early stages of disease, patients 

most commonly suffer from cognitive impairment and ataxia.  As the illness 

progresses, a range of neurological signs are seen, including myoclonus, cortical 
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blindness, weakness of extremities, and in some cases coma.  The cause of 

sCJD is unknown.  There is no association of sCJD with a mutant prion allele, no 

epidemiological evidence for exposure to a TSE agent, nor is there a common 

risk factor found for disease development.  These findings have led some to 

hypothesize that the mechanism for sCJD initiation is the spontaneous formation 

of the infectious agent.  However this cannot explain the decrease in incidence 

over the age of 70. 

 

1.1.3 Inherited Human Prion Diseases 

 The remaining 10-15% of human prion diseases are inherited forms of the 

disease.  They have all been linked to autosomal dominant mutations in the gene 

coding for the cellular prion protein, PRNP. Familial CJD (fCJD) is linked to a 

large number of mutations and polymorphisms (Windl et al., 1996).  These 

include several point mutations and octapeptide repeat insertions in the PRNP 

gene that often show a very high penetrance.  Interestingly, the disease 

phenotype can vary according to the location of the mutation in the PrP ORF, but 

other factors must also contribute to disease pathogenesis, since affected 

families harboring the same mutant allele can exhibit different clinical symptoms 

(Dagvadorj et al., 2002; Kovacs et al., 2004b).  Among those suggested include 

high spontaneous PRNP mutation rates and as-yet unidentified cofactors 

(Dagvadorj et al., 2002; Kovacs et al., 2004b). 

 Gerstmann-Stäussler-Scheinker (GSS) syndrome is a rare, inherited 

disorder that is characterized by progressive cerebellar ataxia and cognitive 
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decline, which in some instances can evolve into severe dementia (Masters et 

al., 1981).  Age of onset is typically between 40-60 years of age and the clinical 

duration is generally 2-10 years.  A distinctive and defining neuropathological 

feature in GSS patients is widespread, multicentric amyloid plaques, which 

display immunoreactivity to an antibody to PrPSc.  Similar to sCJD, GSS is linked 

to several point mutations and octapeptide repeat insertions, however these 

insertions are generally longer in typical GSS cases when compared to sCJD 

(Capellari et al., 1997; Goldfarb et al., 1991; Jansen et al., 2010). 

 Fatal familial insomnia (FFI) is characterized by the disruption of the 

normal sleep-wake cycle and impaired attention, which are postulated to arise 

from the selective loss of thalamic nuclei (Gambetti et al., 1995).  Onset of 

clinical disease is usually around 40 years of age, with an illness duration of 13-

15 months (Medori et al., 1992a; Medori et al., 1992b).  Sequence analysis of 

PrP has revealed a single point mutation at codon 178, causing substitution of 

aspargine for aspartic acid (D178N).  This mutation has also been described in 

some fCJD cases (Nieto et al., 1991).  This phenotypic diversity is thought to be 

caused by an additional genetic modifier: a polymorphism at codon 129, which 

has been observed as a methionine in FFI cases or a valine in fCJD cases 

(Goldfarb et al., 1992).  

 

1.1.4 Infectious Human Prion Diseases 

 The transmissibility of prion diseases within and between species make 

them unique from other protein misfolding disorders including Alzheimer’s 
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disease, Parkinson’s disease, and Huntington’s disease.  Kuru is a slowly 

progressing neurodegenerative disease that is geographically restricted to the 

eastern highlands of Papua New Guinea (Gajdusek & Zigas, 1957).  Over 2,700 

cases of kuru have been documented since the beginning of the epidemic in the 

late 1950s.  The successful transmission of the disease by intracerebral 

inoculation of kuru-affected brain tissue to chimpanzees indicated an infectious 

agent as the cause of the disease (Gajdusek et al., 1966).  A link to prion 

diseases, and specifically to scrapie, was made when it was recognized that the 

spongiform lesions in the brains of patients with kuru were similar to those 

observed in the brains of scrapie-affected sheep (Gajdusek et al., 1966; Hadlow, 

1959).  The unusual epidemiologic pattern of kuru, in which women and their 

children were most often affected, led to the hypothesis that the propagation of 

kuru occurred by ritual cannibalism, and began with the ingestion of tissues that 

belonged to an sCJD-affected individual (Alpers & Gajdusek, 1965).  Women and 

children consumed diseased relatives, including their brain, as a mark of respect, 

which is thought to account for the familial clustering of cases.  Since the 

cessation of this ritual, the incidence of kuru has dramatically decreased.  The 

incubation period has been observed from 4 to 40 years with death occurring in 6 

to 12 months after the first symptoms appear.  These studies were seminal to the 

current understanding of the transmissibility of human prion diseases and formed 

the basis of transmission studies of CJD and ultimately to the further 

investigation of the nature of the infectious agent.   
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 Rare occurrences of iatrogenic CJD (iCJD) have arisen from horizontal 

transmission of CJD during the course of medical and surgical procedures. The 

first documented transmission of CJD was caused by corneal transplantation of a 

graft derived from a patient suffering from sCJD to an unaffected person (Duffy et 

al., 1974).  Iatrogenic CJD has also been transmitted through contaminated 

neurosurgical instruments, implantation and therapeutic use of human dura 

mater, treatment with human cadaveric pituitarty growth hormone and 

gonadotrophins, and the use of contaminated electroencephalography electrodes 

(Bernoulli et al., 1977; Brown, 2000; Gibbs et al., 1985; Thadani et al., 1988).  A 

number of guidelines and regulations have been enacted in several countries to 

minimize the risk of iatrogenic transmission of CJD.  Stringent sterilization 

techniques or complete destruction of neurosurgical and ophthalmological 

instruments and the discontinued use of human growth hormone and dura mater 

grafts have together greatly reduced transmission.  The possibility of 

transmission of CJD via blood and blood products also exists, as studies have 

detected the infectious agent in blood from animals experimentally inoculated 

with prions.  This mode of transmission has been demonstrated by the 

successful transmission of scrapie via blood transfusion from infected to healthy 

sheep (Casaccia et al., 1989; Diringer, 1984; Houston et al., 2008).  To date 

there have been 4 possible transmissions of CJD to humans via blood 

transfusion and epidemiological evidence suggests many more cases of blood-

borne CJD may exist (Gillies et al., 2009; Llewelyn et al., 2004; Peden et al., 

2004; Wroe et al., 2006).   
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 In 1995 and 1996, a number of CJD cases were diagnosed with an 

epidemiological pattern distinct from other all other known CJD diseases, which 

was designated as new variant CJD (vCJD) (Will et al., 1996).  These cases 

were characterized by a young age of onset (mean of 29 years of age), a longer 

duration of illness (mean of 14 months), an absence of electroencephalographic 

changes typical to CJD cases, and distinct neuropathological features (Will et al., 

2000).  To date, there have been greater than 200 cases diagnosed, with the 

majority occurring in the UK, and the others thought to have originated in the UK 

(Edinburgh, 2010).  The time at which these cases occurred and their location 

suggested a link between BSE and vCJD (Will et al., 1998).  Experimentally, the 

brains of BSE affected animals and of patients diagnosed with vCJD exhibited 

spongiform vacuolation in the same neuroanatomical locations (Bruce et al., 

1997).  Additionally, the biochemical properties of the disease associated prion 

protein from the brains of cattle and humans were indistinguishable (Collinge et 

al., 1996; Hill et al., 1997a).  These studies strongly suggest BSE as the cause 

for vCJD in humans.  However, given the number of cattle affected by BSE, a 

large proportion of the European population may have been exposed to the BSE 

infectious agent, yet only a small percentage of this group have developed vCJD 

and these cases have been progressively declining.  The incidence of vCJD is 

linked to a polymorphism at codon 129 of the prion protein that can encode either 

a methionine or valine.  Every case of vCJD until 2008 had occurred in 

individuals homozygous for methionine.  However, one case was identified in 

2009 occurring in an individual heterozygous at codon 129, revealing 
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susceptibility to vCJD of a PrP genotype that was previously thought to be 

resistant to infection (Kaski et al., 2009).  This suggests the possibility of a 

second wave of vCJD cases that could affect individuals heterozygous at codon 

129, though many other genetic factors are known to affect the susceptibility and 

incubation period of prion diseases (Collinge et al., 2006). The possible number 

of preclinical individuals and the proven risk of iatrogenic transmission of these 

diseases highlight the importance of developing sensitive diagnostic tools to 

identify the infectious protein in diseased individuals.   

 

1.2 THE PRION PROTEIN 

1.2.1 Identification of the infectious agent 

 The identification and nature of the causative agent of prion diseases was 

a contentious and highly debated topic that resulted in the recognition of a novel 

infectious pathogen.  Until the 1960’s, the scrapie agent was frequently classified 

as a virus, albeit an uncommon one with puzzling characteristics, such as long 

incubation periods and a resistance to inactivation by formalin and heat (Gordon, 

1946; Pattison, 1965).  These properties led to the designation of the infectious 

agent as an “unconventional” or “slow” virus (Gajdusek, 1977; Sigurdsson, 1954).  

Also puzzling was the lack of a detectable immune response as characterized by 

the failure to detect pathogen-specific antibodies in scrapie-infected animals 

(Chandler, 1959; Clarke & Haig, 1966).  These early observations concerning the 

structure of the scrapie agent all suggested an infectious agent with a nucleic 

acid genome, as no other organism at the time was observed without nucleic 
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acid.  However, studies using ionizing radiation to determine the size of the 

infectious agent found the scrapie agent to be only slightly larger than enzymes 

measured by the same technique and roughly 93% smaller than the smallest 

known virus particles (Alper et al., 1966).  Additionally, studies testing the agent’s 

susceptibility to nucleic acid inactivation by either high doses of ultra-violet 

radiation or DNA inhibitors revealed the extreme resistance of the scrapie agent 

to these agents (Alper et al., 1967; Kimberlin & Millson, 1967).  Based on these 

data, Alper and colleagues made the assumption that the agent is devoid of 

nucleic acid (Alper et al., 1967; Kimberlin & Millson, 1967). Although based on 

the established role of nucleic acid in the replication of organisms, this 

hypothesis was not generally accepted.  Several competing hypotheses emerged 

proposing the nature of the agent and how its information was encoded, including 

the virus, carbohydrate, and membrane hypotheses (Gibbons & Hunter, 1967).  

However, it was Griffith’s protein-only assertion (Griffith, 1967), in which he 

proposed several plausible mechanisms that could account for the self-

replication of proteins, that subsequently led to the recognition of the prion agent 

as a protein-based infectious agent.   

 The purification of the infectious prion agent proved to be complicated, but 

critical for identifying its composition.  Transmission studies led to the 

identification of a scrapie agent that could be transmitted to rodents resulting in 

relatively short incubation periods and high titer in the brain, which greatly aided 

the purification efforts (Kimberlin & Walker, 1977; Marsh & Kimberlin, 1975).  The 

size and hydrophobicity of the agent made further purification attempts difficult 
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(Prusiner et al., 1978).  Using a series of detergent extractions, limited digestions 

with proteases and nucleases, and differential centrifugation, the successful 

enrichment of infectivity was achieved (Prusiner et al., 1980a).  The subsequent 

identification of a protease-resistant polypeptide, unique to preparations from 

scrapie-infected brains, led to the naming and suggestion that a “prion”, or “a 

small proteinaceous infectious particle”, was a major, if not the sole, component 

of the infectious agent (Bolton et al., 1982; Prusiner, 1982).  The infectious prion 

protein co-purified with infectivity and the concentration of this protein was 

proportional to the infectivity titer (Gabizon et al., 1988).  The gene encoding the 

infectious prion protein was identified as the Prnp gene, a highly conserved 

protein among mammals, that also encodes for the normal cellular protein, PrPC 

(Chesebro, 1992; Chesebro et al., 1985).  The prevailing hypothesis on the 

nature of the infectious prion, the prion hypothesis, was proposed by Prusiner 

(Prusiner, 1982) and further refined by Weissmann (Weissmann, 1991).  The 

hypothesis states that the infectious agent responsible for TSEs is the scrapie 

prion protein, PrPSc, a conformational isoform of the host cellular prion protein, 

PrPC.  This hypothesis was not immediately accepted, and sparked an ongoing 

contentious debate about the nature of the infectious agent. 

 Though the prion hypothesis is supported by the data, many 

characteristics of the infectious agent existed that perplexed researchers and led 

to a variety of alternative hypotheses.  One puzzling characteristic of the 

infectious agent, not easily explained by the prion hypothesis, was the existence 

of multiple strains.  Experimental inoculation of animals with different prion 
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strains resulted in the formation of distinct incubation periods and 

neuropathological features, which at the time could only be explained by strain-

specific differences in a nucleic acid genome (Dickinson, 1979; Kimberlin & 

Walker, 1978).  This phenomenon led researchers to an alternative hypothesis to 

explain the infectious nature of prion disease, termed the virus or virino 

hypothesis, in which the infectious agent consisted of a strain-specific nucleic 

acid enveloped in a host-specific protein (Bruce & Dickinson, 1987; Kimberlin, 

1982).  The nucleic acid was postulated to replicate in the cell and associates 

with PrPC, which is thereby converted to PrPSc (Bruce & Dickinson, 1987; 

Kimberlin, 1982) This hypothesis would account for both prion strain diversity and 

the lack of a detectable immune response following infection.   

 The search for a nucleic acid component associated with infectivity of 

prions proved unsuccessful.  As mentioned previously, the scrapie agent showed 

an unusually high resistance to nucleic acid damaging treatments compared to 

conventional viruses, suggesting the lack of an agent-specific nucleic acid 

genome (Alper et al., 1967; Kimberlin & Hunter, 1967).  However, it was argued 

that the resistance of the scrapie agent to nucleic acid damaging treatments 

indicated the well-protected nature of nucleic acid by an agent-specific protein or 

by contaminating host molecules (Kimberlin, 1982).  UV and ionizing radiation 

inactivation data eliminated the possibility of a large nucleic acid genome, and 

subsequent studies detected oligonucleotides of fewer than 50 bases in 

preparations highly enriched for scrapie infectivity.  However, these 

oligonucleotides were suggested to be host degradation byproducts and unlikely 
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to be prion specific (Bellinger-Kawahara et al., 1987a; Bellinger-Kawahara et al., 

1987b; Bellinger-Kawahara et al., 1988; Kellings et al., 1992; Kellings et al., 

1994; Safar et al., 2005).  Other investigators identified nucleic acids associated 

with highly purified, highly infectious samples from prion-infected brain 

homogenate.  These included RNA molecules (Akowitz et al., 1994; Chesebro et 

al., 1985), host repetitive DNA sequences (Oesch et al., 1988), and mitochondrial 

DNA (Aiken et al., 1990; Aiken et al., 1989).  The techniques used in these 

studies, however, do not discount the possibility of contamination by host nucleic 

acids trapped in PrP aggregates.  In fact, recent studies have implicated host-

encoded RNA molecules as stimulators of prion protein conversion (Deleault et 

al., 2007; Deleault et al., 2003).  

 The importance of the host-encoded prion protein, PrPC, in prion disease 

was demonstrated by transgenic experimentation.  Knockout mice carrying a 

homozygous deletion of the Prnp gene failed to develop disease following 

inoculation with infectious brain homogenate, and did not carry prion infectivity in 

the brain (Bueler et al., 1993; Manson et al., 1994b; Sailer et al., 1994). However, 

upon reintroduction of Prnp by transgenesis, these mice were again susceptible 

to prion infection and prion pathogenesis was restored (Bueler et al., 1993).  The 

length of the incubation period was found to be inversely proportional to the level 

of Prnp gene expression and could be influenced by Prnp gene polymorphisms 

(Carlson et al., 1994; Carlson et al., 1986).  Additionally, a genetic link was 

shown between mutations in the human Prnp gene and several inherited prion 

diseases such as GSS and fCJD (Hsiao et al., 1989).  These studies revealed 
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the essential role of the host-encoded prion protein in prion disease, yet led 

several researchers to postulate that PrPC is a receptor for a ubiquitous scrapie 

virus that binds more tightly to mutant than to wild-type PrPC (Kimberlin, 1990).  

However, transmission of PrPSc from the brains of FFI and fCJD patients to 

transgenic mice expressing a chimeric human/mouse PrP transgene, 

Tg(MHu2M), resulted in the formation of two different PrPSc molecules (Telling et 

al., 1996).  These results suggested that if a prion virus existed there must be at 

least two ubiquitously expressed viruses.   

 Strengthening the prion hypothesis, a seminal study demonstrated the 

cell-free conversion of PrPC into PK-resistant PrP, or PrPres , using purified PrPC 

mixed with stoichiometric amounts of purified PrPres (Kocisko et al., 1994).  A 

limitation of this study was the low yield of PrPres that was produced (Bessen et 

al., 1995; Raymond et al., 1997).  More recently, the protein misfolding cyclic 

amplification (PMCA) assay was developed and used to produce infectious 

prions in vitro.  This was accomplished by mixing infected (the PrPSc seed) and 

uninfected (the PrPC source) brain homogenates and subjecting this mixture to 

repeated cycles of sonication and incubation at 37°C to amplify PrPSc (Castilla et 

al., 2005; Saborio et al., 2001; Soto et al., 2002).  Following these cycles, the 

solution is repeatedly diluted in uninfected brain homogenate to replenish the 

PrPC supply and allow PrPSc to amplify to greater amounts.  These dilutions are 

repeated a number of times after many sonication and incubation cycels to the 

point that there could be no PrPSc molecule remaining from the initial infected 

brain homogenate.  Therefore, all the PrPSc in this mixture is PMCA generated. 
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Furthermore, using this technique, infectivity was generated with a mixture 

including native PrPC molecules purified from normal hamster brain, co-purified 

lipid molecules, and a synthetic polyanion (Deleault et al., 2007; Deleault et al., 

2010).  Though initially heretical and highly contentious, the prion hypothesis has 

become the generally accepted, though not definitive, hypothesis for TSE 

diseases. 

  

1.2.2 Biochemical properties of the prion protein 

 Prnp is a small, single-copy housekeeping gene on chromosome 20 and is 

expressed throughout the brain, particularly in neurons, and to a lesser extent in 

extra-neural tissues (Bendheim et al., 1992; Ford et al., 2002; Kretzschmar et al., 

1986; Moser et al., 1995; Oesch et al., 1985).  It is a highly conserved protein of 

approximately 250 amino acids and is present not only in mammals but also in 

other vertebrates such as birds, amphibians, and fish, suggesting an important 

role that is evolutionary conserved (Calzolai et al., 2005; Rivera-Milla et al., 2003; 

Wopfner et al., 1999).  Post-translational processing of PrPC includes N-linked 

glycosylation at two sites and a glycosylphosphatidyl inositol (GPI)-anchor at the 

C-terminus, involved in enabling PrPC to be attached to cellular membranes 

(Stahl et al., 1987).  PrPC is 33-35 kDa, is protease sensitive and is soluble in 

nondenaturing detergents (Meyer et al., 1986).  Although composed of the same 

primary structure, the disease-specific isoform PrPSc is insoluble in non-ionic 

detergents and partially resistant to proteolytic digestion (Meyer et al., 1986; 

Oesch et al., 1985).  Proteinase K (PK) digestion causes cleavage of the N-
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terminal portion of the mature PrP sequence, leading to an electrophoretic 

mobility shift of this protease-resistant fragment, PrPres, to 27-30 kDa, 

representing the disease-specific protein, PrPSc (McKinley et al., 1983; Meyer et 

al., 1986).  The GPI-anchor of PrPC, but not PrPSc, is readily cleaved from 

membranes by treatment with phosphatidylinositol-specific phospholipase C 

(PIPLC), suggesting a conformational change preventing the accessibility of 

PIPLC (Borchelt et al., 1993; Caughey et al., 1990; Stahl et al., 1987).  

 Insight into the native conformation of the prion protein has been 

complicated by the insolubility and aggregation state of PrPSc.  However, 

structural features of PrPC and PrPSc have been clarified using Fourier Transform 

Infrared Spectroscopy (FTIR), circular dichroism spectroscopy (CD), nuclear 

magnetic resonance (NMR) spectroscopy, and crystallographic studies.  These 

structural studies indicated that PrPC has a high α-helix content consisting of 

three α-helices and a relatively low β-sheet content consisting of an antiparallel 

β-pleated sheet (Pan et al., 1993; Riek et al., 1996; Riek et al., 1997).  In 

contrast, FTIR and CD spectroscopy revealed a high β-sheet and low α-helix 

content for PrPSc (Caughey et al., 1991; Gasset et al., 1993; Pan et al., 1993; 

Safar et al., 1993a).  The N-terminally truncated and protease-resistant core of 

PrPSc has been shown to re-arrange into amyloid rods, exhibiting green-gold 

birefringence following staining with Congo red, indicating a high β-sheet content 

typical of amyloids (Prusiner et al., 1983).  The unstructured N-terminal region 

contains a conserved segment consisting of five repeats of an octameric amino 
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acid sequence believed to be important in copper binding (Brockes, 1999; Riek et 

al., 1997). 

 

1.2.3 Prion Replication 

 The prion hypothesis postulates that the infectious prion protein, PrPSc, 

replicates by an “autocatalytic” conformational conversion of PrPC to the 

misfolded pathogenic isoform (Griffith, 1967; Prusiner, 1982; Weissmann, 1991).  

Studies in transgenic mice provided genetic and biochemical evidence that this 

conversion occurs through the formation of a PrPC/PrPSc complex (Meier et al., 

2003; Prusiner et al., 1990).  The mechanism of conformational conversion, 

however, is not well understood.  Some investigators have argued that this 

process involves a template-directed reaction (Gajdusek, 1988), whereas others 

have contended that a more likely mechanism is a seeded nucleation process 

(Figure 1.1) (Jarrett & Lansbury, 1993).  The template-directed model proposes 

that the β-sheet rich and infectious protein, PrPSc, starts a catalytic cascade 

using PrPC as a substrate and converting it by a conformational change from a 

predominantly α-helical protein to the β-sheet rich isoform (Figure 1.1) (Cohen et 

al., 1994; Gajdusek, 1988).  The newly formed PrPSc protein can then convert 

additional PrPC molecules into PrPSc.  The nucleation-polymerization model 

proposes that PrPC and PrPSc are in a reversible equilibrium with each other 

(Figure 1.1) (Jarrett & Lansbury, 1993). Only when several monomeric PrPSc 

molecules are mounted into a crystal-like seed can further monomeric PrPSc be
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Figure 1.1 Prion replication models.  Potential models for the replication of 

PrPSc include (A) the template-directed model and (B) the nucleation-

polymerization model. Adapted from (Aguzzi & Sigurdson, 2004).   
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recruited, progressively aggregating and forming an amyloid structure (Figure 

1.1).  This model suggests the infectious agent consists of a highly ordered 

aggregate of PrPSc molecules (Jarrett & Lansbury, 1993).  This model is 

supported by a study in which it was observed that an oligomeric species bearing 

a certain range of stoichiometries is suggested to be the most efficient initiator of 

disease, whereas monomeric PrPSc was much less efficient (Silveira et al., 

2005).  The newly developed technique of PMCA, discussed above, along with a 

study investigating the propensity of yeast prion aggregates to undergo breakage 

and fragment, have strongly supported this model of replication.  They show that 

the fragmentation of these prion aggregates or fibrils increases the number of 

seeds, resulting in an exponential increase of PrPSc and fibril growth (Castilla et 

al., 2005; Tanaka et al., 2006).   

 

1.2.4 Cell biology of prion disease 

 Insight into the synthesis, localization, and metabolism of both PrPC and 

PrPSc is crucial to understanding prion disease pathogenesis.  PrPC, like other 

membrane proteins, is synthesized in the endoplasmic reticulum (ER) and travels 

through the Golgi apparatus to the plasma membrane.  PrPC undergoes post-

translational modifications, including cleavage of the N-terminal signal peptide, 

addition of N-linked oligosaccharide chains, formation of a disulfide bond, and 

attachment of a GPI anchor (Haraguchi et al., 1989; Stahl et al., 1987; Turk et al., 

1988). 
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 To better understand the mechanisms that underlie prion conversion, the 

precise cellular localization of PrPC and PrPSc needs to be characterized.  PrPC 

has been suggested to localize to many different sites, likely due to the variety of 

techniques used.  These sites include the ER (Sarnataro et al., 2004), the Golgi 

(Magalhaes et al., 2002), endolysosomes (Magalhaes et al., 2002), exosomes 

(Fevrier et al., 2004), the plasma membrane (Sarnataro et al., 2002), the nucleus 

(Mange et al., 2004), and the cytosol (Mironov et al., 2003) (Figure 1.3).  Due to 

the lack of PrPSc-specific antibodies, the localization of PrPSc has proven more 

difficult.  Several studies, however, have suggested a diverse cellular distribution 

of PrPSc, including the plasma membrane (Caughey & Raymond, 1991; Jeffrey et 

al., 1992a) and endolysosomal compartment (Arnold et al., 1995; McKinley et al., 

1991) (Figure 1.3).  In vitro studies have demonstrated that, following 

proteasome inhibition, PrPSc-like protein conformers can also accumulate in the 

cytosol of infected cells and form perinuclear aggresomes (Kristiansen et al., 

2005; Ma & Lindquist, 2002). 

 Following its synthesis in the ER, PrPC is trafficked to the cell surface via 

the Golgi apparatus, where it constitutively cycles between the plasma 

membrane and early endosomes (Figure 1.3) (Shyng et al., 1993).  The 

internalization of PrPC has been attributed to a number of conflicting 

mechanisms.  Studies using neuronal cultures have shown that PrPC recycles 

from the cell surface to endosomes via clathrin-coated pits.  A basic amino acid 

motif in the N-terminal region of the protein has been shown to be required for 

both localization of PrPC in coated pits and its subsequent internalization.  
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Another mechanism of PrPC internalization is based on the finding in various cell 

models that PrPC clusters in caveolae or caveolae-like domains (CLDs) (Kaneko 

et al., 1997; Vey et al., 1996).  An additional possible mechanism of PrPC 

internalization involves lipid rafts.  Lipid rafts are dynamic lipid assemblies 

enriched in cholesterol and sphingolipids that form platforms that segregate 

various membrane proteins, including GPI-anchored proteins (Simons & Ikonen, 

1997).  Using primary neuronal cultures as well as neuroblastoma N2a cells, it 

was demonstrated that PrPC leaves its lipid rafts to traverse detergent-soluble 

(non-raft) membranes, whereby PrPC enters coated pits for endocytosis, and 

cycles back to the cell surface via perinuclear sorting compartments (Sunyach et 

al., 2003). 

 One of the main unanswered issues in prion research is the location of 

conversion of PrPC to PrPSc, and a number of locations have been proposed.  

One possibility is that following the internalization of PrPSc within neurons, it 

undergoes retrograde transport to the ER where it can sequester and convert 

newly synthesized PrPC.  In support of this, PrP molecules have been shown to 

undergo retrograde transport to the ER, and stimulation of this translocation 

leads to an accumulation of PrPSc (Beranger et al., 2002).  This site is also 

implicated in inherited forms of prion diseases, as PrPC mutants are retained by 

chaperone proteins in the ER (Campana et al., 2006; Drisaldi et al., 2003).  

Accumulating evidence, however, suggests the endocytic pathway could be 

involved in the conversion of PrPC to PrPSc (Borchelt et al., 1992; Taraboulos et 

al., 1992).  For example, formation of PrPSc is inhibited by blocking endocytosis 
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and internalization of PrPC (Borchelt et al., 1992).  Furthermore, studies have 

shown that PrPSc is partially digested at its N-terminus in an acidic compartment 

following its synthesis and accumulates in late endosomes (Arnold et al., 1995; 

McKinley et al., 1991; Taraboulos et al., 1992).  Both PrPC and PrPSc are present 

in lipid rafts extracted from prion-infected cells and from scrapie-infected mouse 

brain suggesting that these rafts may be a possible site of conversion (Baron & 

Caughey, 2003; Baron et al., 2002; Botto et al., 2004; Naslavsky et al., 1997; 

Taraboulos et al., 1992; Taraboulos et al., 1995).  Conversely, it has been 

suggested that the GPI anchor stabilizes the conformation of PrPC within rafts to 

block its conversion to PrPSc (Baron & Caughey, 2003; Baron et al., 2002), 

suggesting a protective role of rafts.  Supporting this finding, an increase in 

scrapie infection in neuroblastoma cells and enhanced cellular levels of 

misfolded PrPC in the ER were observed following the disruption of lipid raft 

composition (Campana et al., 2006; Naslavsky et al., 1999; Sarnataro et al., 

2004).  Clearly, further work in defining the mechanisms of PrPC and PrPSc 

internalization is required to aid in our understanding of the conversion process. 

 

1.2.5 PrPSc and infectivity 

 Although the prion hypothesis posits that PrP is the sole component of the 

infectious agent, there are multiple studies suggesting accessory molecules may 

be involved in conferring infectivity.  In studies examining the transmission of 

prions to transgenic mice it was discovered that mice expressing human PrP 

were not susceptible to human prions unless the mice had been crossed with 
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Prnp0/0 mice suggesting that mouse PrPC inhibited the conversion of human PrPC 

to PrPSc (Telling et al., 1995).  These data led to the hypothesis that inhibition of 

prion infection in heterozygous animals may be caused by competition between 

the two different PrPC molecules for binding to a common cofactor required for 

prion replication, named protein X (Telling et al., 1995).  This dominant inhibition 

of prion propagation has also been observed in vitro using recombinant PrPC 

molecules in a PMCA reaction lacking accessory proteins (Geoghegan et al., 

2009; Horiuchi et al., 2000; Priola et al., 1994).  These more recent studies refute 

the protein X hypothesis and suggest that different PrP molecules can compete 

for binding sites on newly formed PrPSc molecules.  Other host-encoded factors 

have also been suggested to aid in prion propagation.  Several in vitro studies 

have shown that polyanionic compounds, including host-encoded RNA and 

proteoglycan molecules, can promote PrPC to PrPSc conversion (Deleault et al., 

2007; Deleault et al., 2003; Shaked et al., 2001; Wong et al., 2001).  

 Though prions consist primarily of PrPSc, there still exists uncertainty as to 

the cause of neuronal death and disease.  It is known that PrPC is required for 

PrPSc replication and neurotoxicity.  Evidence for this was initially provided by 

placing neural tissue grafts from PrPC-overexpressing mice into the brains of 

PrP-deficient mice (Brandner et al., 1996).  Following intracerebral inoculation of 

mice with scrapie prions, high levels of PrPSc and infectivity were detected in both 

the graft and host tissue, though spongiosis was limited to the grafts only.  More 

recently, it was reported that the depletion of endogenous neuronal PrPC by Cre-

mediated recombination in mice, following widespread PrPSc accumulation 
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reversed spongiform changes and prevented neuronal loss and progression to 

clinical disease (Mallucci et al., 2003).  Therefore, PrPC is critical to elicit disease 

in the brain, and the deposition of PrPSc alone does not support 

neurodegeneration.   

 While conversion of PrPC to PrPSc is required for prion propagation and 

disease (Brandner et al., 1996), the uncoupling of prion infectivity and toxicity has 

proven to be extremely difficult.  Despite studies indicating the direct neurotoxic 

effects of PrPSc on primary cultured neurons (Giese et al., 1998; Muller et al., 

1993), in some in vivo models there is a poor correlation between PrPSc 

deposition, neuronal loss, and disease.  While studies have demonstrated the 

occurrence of prion disease that appear to lack significant levels of PrPSc 

(Collinge et al., 1995; Lasmezas et al., 1997; Manson et al., 1999; Medori et al., 

1992b; Piccardo et al., 2007), others have shown that subclinical forms of 

disease occur despite high levels of infectivity and PrPSc (Hill & Collinge, 2003; 

Hill et al., 2000; Mallucci et al., 2003; Race et al., 2002; Race et al., 2001).  

Hypothesized factors influencing cell death include the size of PrPSc aggregates 

(Silveira et al., 2005), neurotoxic PrPSc fragments (Brown et al., 1994a; Brown et 

al., 1997; Forloni et al., 1993), and the generation of a toxic intermediate species 

during PrPC to PrPSc conversion (Haase, 1986).  

 

1.3 PRION PATHOGENESIS 

1.3.1 Peripheral prion pathogenesis 
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 Though the majority of prion transmission studies induce disease by direct 

inoculation of infectious material directly into the CNS via intracerebral 

inoculation, natural transmission of prion diseases occurs via peripheral routes.  

These include, most importantly, exposure via the oral route (per os) as has been 

shown for Kuru, TME, BSE, and vCJD (Alpers & Gajdusek, 1965; Anderson et 

al., 1996; Marsh et al., 1991; Will et al., 2000), but also include the highly efficient 

intranasal route (i.n.), (Hamir et al., 2008; Kincaid & Bartz, 2007), and several 

iatrogenic modes of transmission such as the intravenous and intraocular routes 

(Duffy et al., 1974; Llewelyn et al., 2004).  Numerous studies indicate the central 

events in peripheral prion pathogenesis to be the accumulation of the agent in 

the lymphoreticular system (LRS) and neuroinvasion, or its transport to the CNS. 

 The LRS has an important role in the accumulation and spread of the 

infectious agent to the CNS following peripheral routs of inoculation.  Following 

intracerebral (i.c.), per os, or intraperitoneal (i.p.) inoculation, prion replication 

occurs throughout the LRS, including the spleen, lymph nodes, Peyer’s patches, 

and tonsils (Beekes & McBride, 2000; Eklund et al., 1967; Fraser & Dickinson, 

1970; Fraser & Dickinson, 1978; Hill et al., 1997b; Kimberlin & Walker, 1979; 

Mould et al., 1970).  Initial studies investigating peripheral prion pathogenesis 

observed a “zero-phase” in the LRS, or an interval between prion inoculation and 

the initial detection of prion replication that lasted from days to at least over half 

the inoculated animals’ lifespan (Dickinson & Fraser, 1969; Dickinson et al., 

1975; Dickinson, 1979; Eklund et al., 1967).  Infectivity in the LRS then increased 

over time and reached a plateau phase that lasted throughout the incubation 
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period until the onset of terminal disease (Bruce, 1985; Dickinson, 1979; 

Kimberlin & Walker, 1979).  It is during the plateau phase that the agent was first 

detected in the CNS (Bruce, 1985; Kimberlin & Walker, 1979; Rubenstein et al., 

1991).  Importantly, the timing of these events appears to be dependent on a 

number of variables, including, but not limited to, the strain and dose of the agent 

and the genetic background of the infected host (Dickinson, 1979; Outram et al., 

1973b).   

  The peripheral expression of PrPC is essential for the transport of prion 

infectivity from peripheral sites to the CNS.  Following intraperitoneal (i.p.) or 

intravenous (i.v.) inoculation with scrapie prions, Prnp0/0 mice with PrP-

expressing neurografts did not develop scrapie histopathology in the CNS 

(Blattler et al., 1997).  Prion titers were undetectable in spleens of these mice, 

but, upon adoptive transfer of wild-type bone marrow, were reconstituted to wild-

type levels.  Unexpectedly, this was insufficient to restore prion neuroinvasion, 

suggesting an essential role for the expression of PrPC in tissue compartments 

that cannot be reconstituted by transfer of hematopoietic cells such as B and T 

cells, macrophages and dendritic cells (Blattler et al., 1997; Kaeser et al., 2001; 

Klein et al., 1997).  Further studies have indicated follicular dendritic cells 

(FDCs), which are localized in germinal centers of the LRS, as crucial 

components for enabling prion propagation toward the CNS (Mabbott et al., 

2000; Mabbott et al., 2003; Montrasio et al., 2000). 

 To better understand how prion neuroinvasion occurs, a general 

understanding of prion transport is required.  Initial studies investigating prion 
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transport used intraocular inoculation and studied the temporal and spatial 

spread of spongiform degeneration in the CNS (Fraser, 1982).  Spongiosis was 

detected in the contralateral superior colliculus and lateral geniculate nucleus to 

which the retinal ganglion cells project, but was absent from the optic nerve tract 

from the uninoculated eye and from the ipsilateral superior colliculus and lateral 

geniculate nucleus (Fraser, 1982).  This study indicated retrograde prion 

transport along the retinotectal pathway.  Subsequent studies investigating the 

transport of the prion agent following various routes of peripheral inoculation 

supported this finding and suggested that the prion agent is transported along 

defined neuroanatomical pathways in both the CNS and peripheral nervous 

system (PNS) (Bartz et al., 2002; Bartz et al., 2003; McBride et al., 2001). 

 Many studies have investigated the process of prion neuroinvasion 

following natural routes of exposure.  The proposed route of infection in naturally 

acquired prion diseases is thought to be ingestion of the prion agent.  Following 

per os infection of various TSE agents, the alimentary tract has been identified as 

the initial site of infection (Beekes et al., 1998; Bruce et al., 1997; Marsh & 

Bessen, 1993; Sigurdson et al., 1999; van Keulen et al., 1999).  The first 

experiments that investigated the pathogenesis of natural prion diseases 

demonstrated that the scrapie agent first infects the gut-associated lymphoid 

tissue (GALT) of the alimentary tract prior to infection of other lymphoid tissues, 

before finally infecting the CNS (Hadlow et al., 1982).  Following oral inoculation 

of scrapie and initial infection of the GALT, neurons of the myenteric and 

submucosal enteric nervous system (ENS) become infected with the prion agent 
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(Andreoletti et al., 2000; Beekes & McBride, 2000; McBride et al., 2001; van 

Keulen et al., 2000).  The infection spreads from the ENS to the dorsal motor 

nucleus of the vagus nerve (DMNV) and the intermediolateral grey column in the 

CNS along parasympathetic and sympathetic fibers of the vagus and splanchnic 

nerves (Andreoletti et al., 2000; Glatzel et al., 2001; McBride et al., 2001; van 

Keulen et al., 2000).  Consistent with this data, the celiac and mesenteric 

ganglion complex, the nodose ganglia, and dorsal root ganglia (DRG) are 

positive for scrapie at early timepoints in pathogenesis studies (van Keulen et al., 

2000).  Similarly, in deer orally challenged with the CWD agent, PrPSc has been 

detected in structures associated with splanchnic and vagal routes early in the 

course of infection (Sigurdson et al., 1999).  In cattle naturally infected with BSE, 

the initial infection was in the DMNV and distal ileum, suggesting spread of the 

agent via the same mechanism as scrapie and CWD (Terry et al., 2003).  

However, besides one study investigating the involvement of peripheral ganglia 

during early BSE pathogenesis following a massive oral challenge containing 100 

g of a 50% pooled brain homogenate from BSE infected cattle (Hoffmann et al., 

2007), PrPSc is typically detected in the structures only during the late stages of 

disease (Espinosa et al., 2007; Masujin et al., 2007; Wells et al., 1998).  These 

data suggest secondary spread of the BSE agent from the CNS.  Clearly, much 

work needs to be done to elucidate the pathogenesis of the BSE agent.   

 Though studies have revealed the importance of prion accumulation in the 

LRS during peripheral prion pathogenesis, BSE studies demonstrate 

neuroinvasion without apparent PrPSc deposition in the LRS (Blattler et al., 1997; 
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Head et al., 2004; Jeffrey et al., 2000a; Terry et al., 2003).  This may be 

attributed to another possible mechanism for neuroinvasion: via the bloodstream.  

The infectious agent has been detected in the bloodstream early during the 

course of disease in presymptomatic infected animals, however the need for 

PrPSc to cross the BBB in order to gain access to the CNS has provided an 

argument against this possible route (Diringer, 1984; Hunter et al., 2002; Siso et 

al., 2006).  Although recently, studies have demonstrated the ability of PrPSc to 

cross the blood-brain barrier (BBB) and revealed potential sites of neuroinvasion 

via the bloodstream in circumventricular organs (CVOs), in which the BBB is 

absent (Banks et al., 2004; Siso et al., 2009).   

 

1.3.2 Neuropathology 

 The neuropathological features of prion diseases have proven essential in 

the identification, diagnostic confirmation, and pathogenetic understanding of 

these diseases.  The best characterized CNS features of prion infected animals 

include spongiform degeneration, amyloid plaque formation, reactive proliferation 

of astrocytes and microglia, and the accumulation of the infectious prion protein, 

PrPSc.  The location and severity of each of these features can vary depending 

on both agent and host-specific factors, which will be discussed in more detail 

below (Fraser & Dickinson, 1967; Fraser & Dickinson, 1968; Fraser & Dickinson, 

1973; Hill & Collinge, 2003; Parchi et al., 1999).   

 Historically, the combination of spongiform change, neuronal loss, and 

reactive gliosis has been the neuropathological hallmark of prion diseases.  The 
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vacuolation of the brain parenchyma is what set prion diseases apart, 

neuropathologically, from other neurodegenerative diseases that commonly 

display neuronal loss and gliosis.  In human forms of the disease, spongiform 

change is most often observed in the cerebellum and subcortical gray matter, 

rarely in the brainstem and spinal cord, and occasionally is not detected (Almer 

et al., 1999; Budka, 2003).  The lesions range in severity from small, round 

widely scattered vacuoles, to a confluence of large vacuolations.  The severity of 

spongiosis in different regions of the CNS, a “lesion profile”, has been extensively 

used as a quantitative means to differentiate specific prion agents (Fraser & 

Dickinson, 1968; Fraser & Dickinson, 1973).  Spongiform degeneration has also 

been used as an indication of the neuroanatomical spread of the infectious agent 

by the spatio-temporal accumulation of vacuoles (Fraser, 1982).   

 The initial evidence that implicated PrPSc as the cause for 

neuropathological changes observed in prion diseases was the finding that 

amyloid plaques in scrapie-infected animals and in human prion diseases were 

composed of protease-resistant PrP (Bendheim et al., 1984; DeArmond et al., 

1985; Kitamoto et al., 1986).  Amyloid plaques are a common feature observed in 

the CNS of a number of neurodegenerative diseases and protein misfolding 

disorders (Westermark, 1998).  They are composed predominantly of a protein 

with a high β-sheet content that histologically displays green-gold birefringence 

when stained with Congo red and viewed with polarized light (Prusiner et al., 

1983).  The immunostaining of amyloid plaques with antisera raised against 
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hamster scrapie PrP was observed in the brains of both humans and rodents 

(Bendheim et al., 1984; DeArmond et al., 1985; Kitamoto et al., 1986).   

 The detection of PrPSc in the CNS of affected hosts has replaced 

spongiosis as the most important diagnostic marker in prion disease research.  

Immunohistochemistry and immunoblotting are the most commonly used tools for 

both prion surveillance and research purposes.  However, as detailed above, the 

relationship between PrPSc and infectivity has not been fully established, as 

PrPSc quantity and localization does not always correlate with the type and 

severity of local tissue damage, and some prion diseases, such as FFI, may lack 

PrPSc deposition entirely (Brown et al., 1994b).  PrPSc accumulates 

predominantly in the CNS following infection with sCJD, iCJD, genetic human 

prion diseases, and BSE, in contrast to vCJD, natural and experimental scrapie, 

experimental BSE in sheep, and CWD where peripheral tissues, particularly the 

lymphoid system, are also affected (Beekes & McBride, 2000; Bruce et al., 2001; 

Jeffrey et al., 2001b; Sigurdson et al., 2002; van Keulen et al., 1996; Wells et al., 

1998).  Similar to the “lesion profile”, detection of PrPSc is also used to distinguish 

prion agents based on their cellular deposition and regional distribution in the 

CNS (Gonzalez et al., 2002).  Another diagnostic method to distinguish prion 

diseases has been developed based upon the intracellular N-terminal truncation 

of PrPSc, which varies depending on the agent and infected cell type (Jeffrey et 

al., 2001a). 

 The cause of neuronal loss and spongiform degeneration in prion 

diseases is still unknown.  Models involving a neurotoxic gain of function or a 
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loss of function of PrPC have been proposed, and some studies have suggested 

that both may contribute to disease.  However, as the function of PrPC is not 

completely characterized, this remains an unanswered question (Brandner et al., 

1996; Bueler et al., 1992; Kuwahara et al., 1999; Ma et al., 2002; Mallucci et al., 

2002; Manson et al., 1994a).  Nevertheless, neuronal death in TSE models has 

been shown to follow an apoptotic pathway that is independent of PrPSc 

deposition and correlates with astrogliosis, microglial activation, and axonal 

damage (Dorandeu et al., 1998; Lucassen et al., 1995; Williams et al., 1997).  

 

1.4 INTERSPECIES TRANSMISSION AND PRION ADAPTATION 

1.4.1 Species barrier 

 The transmissibility of the prion agent was first demonstrated 

experimentally with the transmission of scrapie from a clinically ill sheep to a 

healthy sheep (Cuille, 1938).  This successful transmission within species, 

however, is complicated when studying the transmission of prion diseases 

between different mammalian species.  Interspecies transmission is a more 

complex process than intraspecies transmission, typically resulting in longer and 

more variable incubation times with fewer numbers of inoculated animals 

succumbing to disease.  This increase in incubation period and decrease in 

attack rate is known as the “species barrier” (Pattison, 1966).  However, on 

subsequent serial passages of infectivity in the same species, the attack rate 

increases and the incubation period shortens and eventually stabilizes, 

suggesting “adaptation” of the agent to its new host (Kimberlin et al., 1987b).  
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 An important factor influencing the species barrier is the difference in the 

PrP amino acid sequence between donor and host (Bartz et al., 1994; Bruce et 

al., 1991; Prusiner et al., 1990; Scott et al., 1989). As a result of the species 

barrier, wild-type mice are normally resistant to infection with Sc237 hamster 

prions.  However, in a study in which transgenic mice were bred to express 

hamster PrPC, it was observed that these mice were highly susceptible to Sc237 

and CNS pathology was similar to that observed in prion-infected hamsters 

(Prusiner et al., 1990; Scott et al., 1989).  Additionally, no changes in incubation 

period were detected between transgenic mice inoculated with Sc237 derived 

from either hamsters or from previously infected transgenic mice.  Therefore, the 

degree of sequence variation of the PrP amino acid sequence between species 

can result in the inefficient propagation of PrPSc and prolonged incubation 

periods following interspecies transmission.  However, upon second passage of 

brain homogenate from clinically-affected animals in the same host species, the 

amino acid sequence of the donor PrPSc and host PrPC are identical and the 

propagation of PrPSc is more efficient, resulting in shorter incubation periods.  

These studies implicated differences in the PrP primary structure between the 

donor and host as the basis for the species barrier effect.  Supporting this 

conclusion is the observation that the sporadic and acquired forms of CJD occur 

primarily in individuals homozygous for a common polymorphism in the Prnp 

gene (Palmer et al., 1991). 

 

1.4.2 Adaptation 
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 Following successful interspecies transmission, the prion agent adapts to 

its new host, which can result in the maintenance or change of the disease 

phenotype in the new host.  In naturally occurring prion isolates, it is thought that 

multiple strains of the prion agent exist (Dickinson, 1976).  The change in 

disease phenotype is therefore thought to occur from the adaptation and 

preferential selection of a particular strain within the mixture of strains contained 

in the donor inoculum.  This is supported by a number of transmission studies in 

which new strains of the prion agent were identified upon crossing of a species 

barrier (Bartz et al., 2000; Bessen & Marsh, 1994; Kimberlin & Walker, 1978; 

Sigurdson et al., 2006).  Recently it was demonstrated that a biologically cloned 

strain (produced by endpoint dilutions and inoculations to isolate a homogenous 

population of a single TSE strain from a mixture) could “mutate” to form a more 

efficiently replicating strain when subjected to selective pressures such as 

different cellular environments and replication inhibitors (Li et al., 2009).  Taken 

together, these data suggest that, within a given strain, a number of substrains 

exist that can be selected for in an alternate environment, such as host species 

or cell type, with different selective pressures (Li et al., 2009). 

 

1.5 PRION STRAINS 

1.5.1 Historical Perspective 

 One of the more puzzling characteristics of prion biology, and one that 

challenged the acceptance of the prion hypothesis, is the existence of multiple 

prion strains.  The indication that different and distinct strains of the prion agent 
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exist came about by interspecies transmissibility studies.  As mentioned 

previously, interspecies transmission of a prion agent typically results in 

extended incubation periods and an incomplete attack rate due to the presence 

of the “species barrier”, which upon several sub-passages can be overcome.  

The diversity of scrapie prions was first suggested based upon the observation 

that experimental transmission of a pool of scrapie-infected sheep brains 

(SSBP/1) to genetically identical goats resulted in two distinct clinical 

presentations of the disease, originally described as “scratching” and “drowsy” 

(Pattison & Millson, 1961).  More importantly, these phenotypic characteristics 

bred true upon repeated passages.  Though significant, further scrapie 

transmission studies were hampered by long incubation periods, incomplete 

attack rates, and the threat of prion contamination in these large animals 

(Dickinson, 1976). Therefore, rodent models, which recapitulate most of the 

physiopathological features observed in natural prion diseases, were used for 

additional characterization of these agents.  Rodents were found to be beneficial 

due to the large number of animals that could be infected, the higher incidence of 

disease, and the shorter incubation periods.  Upon passaging the “scratching” 

and “drowsy” isolates, in addition to the original SSBP/1 pool, in different lines of 

inbred mice, a variety of disease phenotypes was observed (Bruce, 1993; Bruce 

& Fraser, 1991; Bruce et al., 1991; Dickinson & Meikle, 1971).  These 

characteristics, once stabilized following serial passage, differed in their 

incubation period and distribution and severity of spongiform change in the brain 

(Dickinson, 1976).  Differences in the phenotypic traits between strains of 
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conventional pathogens can be explained by differences in their genome, 

however this cannot explain the variation observed among prion strains, as no 

nucleic acid component has been associated with the infectious agent. 

 It was hypothesized that the tertiary structure of PrPSc exists in multiple 

conformations and these different conformations encode strain-specific 

information.  Support for this hypothesis came about from biochemical and 

physical characterization of two hamster-adapted strains of the TME agent, 

designated as hyper (HY) and drowsy (DY), descriptive of their symptoms at the 

clinical stage of disease (Bessen & Marsh, 1992a).  Following the purification of 

PrPSc from the brains of HY and DY TME infected hamsters, it was demonstrated 

that differences existed in the migration of PrPSc in polyacrylamide gels, its 

sensitivity to digestion with proteinase K (PK), and the properties of PrPSc 

sedimentation in N-lauroylsarcosine (Bessen & Marsh, 1992a).  In addition to 

these differences, amino-terminal peptide sequencing revealed distinct truncation 

sites following PK cleavage of purified HY and DY PrPSc (Bessen & Marsh, 

1994).  Furthermore, it was demonstrated that these strain specific enzymatic 

cleavage sites were maintained upon in vitro conversion of radiolabeled 

recombinant hamster PrPC to either labeled HY or DY PrPSc (Bessen et al., 

1995).  These data provided strong evidence that the HY and DY strains of TME 

had distinct protein conformations that could be transferred to PrPC, and could 

potentially mediate their strain-specific biological properties.   

 Transmission of multiple human prion diseases to transgenic mice also 

provided persuasive evidence that strain-specific information is encoded in the 
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tertiary structure of PrPSc (Collinge et al., 1996; Telling et al., 1996).  In FFI, the 

protease-resistant fragment of PrPSc (PrPres) after deglycosylation has an 

apparent molecular weight of 19kD, whereas, in fCJD and most sporadic prion 

diseases, the PrPres fragment is 21kD (Monari et al., 1994; Parchi et al., 1996).  

Similar to HY and DY TME, these differences were shown to be due to 

differences in the amino-terminal enzymatic cleavage sites of the two human 

PrPSc molecules (Monari et al., 1994).  However, these diseases are caused by 

different mutations in the PrP gene, thereby creating distinct primary amino acid 

sequences and conformations (Cohen et al., 1994; Medori et al., 1992b; 

Petersen et al., 1996).  These agents when transmitted to transgenic mice 

expressing chimeric mouse/human PrP genes, Tg(MHu2M),  induced formation 

of the 19kD PrPres in the brain, whereas fCJD(E200K) and sCJD inocula 

produced the 21kD PrPres (Telling et al., 1996).  These experiments indicated 

that MHu2M PrPSc exists in at least two different conformations within a single 

primary amino acid sequence.  Additionally the studies demonstrated that PrPSc 

strain-specific properties are enciphered in its tertiary structure, which can be 

transferred to PrPC through conformational conversion.  Supporting this were 

transmission studies revealing the biochemical similarities of PrPSc from BSE and 

vCJD following inoculation in wild-type mice and the ability of PrPSc to imprint its 

biochemical characteristics onto PrP from another species (Collinge et al., 1996).  

 Further evidence from a variety of biochemical techniques suggest that 

distinct prion strains are associated with different PrP conformations.  These 

included the conformation-dependent immunoassay, a measure of antibody 
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binding to denatured and native PrPSc as a function of the concentration of PrPSc 

(Safar et al., 2000; Safar et al., 1998), the conformational stability assay, a 

measure of PrPSc sensitivity to protease digestion in increasing concentrations of 

a chaotropic agent (Legname et al., 2006; Peretz et al., 2001), and infrared 

spectroscopy, a measure of a protein’s secondary structure (Caughey et al., 

1998).  A histological method has also been recently developed, taking 

advantage of the β-sheet rich properties of prion aggregates.  A class of 

amyloidotropic dyes termed luminescent conjugated polymers (LCPs) was found 

to bind to PrPSc in the brains of prion-infected mice and fluoresce at strain-

specific wavelengths (Sigurdson et al., 2007).  This finding supports the assertion 

that prion strains are conformationally diverse.  The thiopene backbone of LCPs 

modulate their fluorescence, and thus the different spectral properties observed 

are most likely due to the conformation-dependent manner of LCP binding to 

PrPSc from various prion strains.   

 The prion phenomenon also exists in non-mammalian eukaryotes such as 

yeast and fungi.  Fungal prions, including HET-s, Ure2p, and Sup35 proteins, 

show prion-like properties in that they can adopt both non-amyloid and self-

perpetuating amyloid structures (Chernoff et al., 1995; Coustou et al., 1997; 

Glover et al., 1997; King et al., 1997; Wickner, 1994).  Studies using yeast prions 

have led to advances in the understanding of fibril formation, transmission 

barriers, and strain diversity.  Specifically, distinct strains of recombinant Sup35 

fragment (Sup-NM) formed at different temperatures were found to adopt distinct, 

stably propagating conformations (Tanaka et al., 2004).   
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Taken together, the studies presented in this section provide a unique 

mechanism for an infectious agent to encode its information.  Strain-specific 

prion conformations are now widely believed to exist and have been shown to 

transfer their distinct conformations to PrPC in a recipient animal.  Still perplexing, 

however, are the mechanisms by which distinct conformations affect prion strain 

properties.   

 

1.5.2 Sources of variation 

 Given the relatively long incubation periods, one of the unique and most 

impressive characteristics of prion diseases is the uniformity of pathogenesis that 

is observed when a number of variables are carefully controlled (Outram, 1976).  

Much effort has been exerted to elucidate the mechanisms by which certain 

variables affect the patterns of pathogenesis, and these studies have proven 

essential in understanding the nature of the infectious agent, route of 

pathogenesis, and the basis for prion strains.  The most commonly used 

methods for studying the dynamics of prion pathogenesis include behavioral, 

incubation period, infectious titer estimation, histological and biochemical 

changes, and direct detection of PrPSc.  

 

1.5.2a Dose of agent  

 The dose of the prion agent that a host is exposed to affects the length of 

the incubation period.  In early scrapie transmission studies to mice, it was 

reported that an increase in the time interval from inoculation to death was 
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attributed to increasing dilutions, and a lower dose of the inoculum (Dickinson et 

al., 1969; Eklund, 1963).  Decreasing the dose of the agent an animal is exposed 

to not only lengthens the incubation period, but also will ultimately lead to a 

decrease in attack rate.  This is the basis for endpoint titrations of prions, which 

determine the infectious titer of a sample by inoculating 10-fold serial dilutions of 

a sample into indicator animals and calculating the dilution needed to clinically 

affect 50% of the animals.  The relationship between agent dose and incubation 

period has been exploited by the incubation-time assay (Prusiner et al., 1982b; 

Prusiner et al., 1980b).  This assay is used as a shortcut for prion titer estimation 

by comparing the incubation period from a sample to a previously constructed 

dose-response curve.  When compared to prion titer estimation by bioassay, the 

incubation-time assay reduces the number of animals needed and time required 

to complete the experiment, and also potential experimental errors.  However, all 

experimental variables must be constant between the donor and recipient for this 

assay to be accurately used, as a number of factors are known to affect 

incubation period.  Yet, there still exists an inherent possibility of experimental 

error and therefore, bioassay is still regarded as the most accurate method for 

prion titer estimation.   

 

1.5.2b Route of infection 

 Different routes of prion infection can affect the incubation period (Table 

1.1) and the location and severity of vacuolation and PrPSc deposition.  Because 

the target for the prion agent is the CNS, intracerebral inoculation of prions  
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Table 1.1 Incubation periods of HY and DY TME following multiple routes of 

inoculation. 

 Incubation period 
Days ± SEM (# affected / # inoculated) 

Route (Intra-) HY TME DY TME 

Cerebral 59 ± 1 (5/5) 168 ± 5 (5/5) 

Sciatic nerve 68 ± 2 (14/14) 210 ± 9 (5/6) 

Tongue 79 ± 5 (16/16) 262 ± 7 (5/6) 

Peritoneal 101 ± 7 (5/5) > 600 (0/12) 

Venous 118 ± 33 (8/8) > 350 (0/5) 

Muscle 142 ± 14 (5/5) > 350 (0/5) 

Submandibular LN 190 ± 20 (3/3) > 450 (0/3) 

Nasal 170± 21 (6/6) > 600 (0/6) 

Oral 191 (1/6) > 650 (0/6) 

Footpad 121 ± 28 (5/5) 262, 278 (2/5) 

 



 44 

results in much shorter incubation periods than peripheral routes of infection 

(Kimberlin & Walker, 1979).  These changes in incubation period are thought to 

be due to the requirement for peripherally injected prions to replicate in the LRS 

prior to spreading to the PNS, and subsequently to the CNS.  However, it was 

observed that the duration of prion replication in the brain, or the time from when 

PrPSc is first detected in the brain till the onset of clinical signs, was longer after 

i.c. infection than after intraspinal infection or any peripheral route tested 

(Kimberlin et al., 1987a; Kimberlin & Walker, 1986).  From these observations it 

was proposed that the development of prion disease was dependent on agent 

replication and neuronal dysfunction in a distinct group of “clinical target areas 

(CTAs)” within the brain.  Therefore, agent entry into the CNS via peripheral or 

intraspinal routes of inoculation reach the CTAs more directly and causes clinical 

disease, thereby resulting in a shorter duration of prion replication in the brain 

when compared to the i.c. route (Kimberlin et al., 1987a; Kimberlin & Walker, 

1986).  Supporting this hypothesis, stereotaxic injection of the mouse-adapted 

scrapie strain 22L in the cerebellum was shown to significantly reduce the 

incubation period and cause a more restricted pattern of vacuolation when 

compared to inoculation in any other brain region (Kim et al., 1987).  It was 

thought that inoculation of the 22L strain in the cerebellum provided the agent a 

more direct route to its CTAs, therefore shortening its incubation period.   

 

1.5.2c Genotype of host 
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 The genotype of the host affects the length of incubation period and the 

type, location, and severity of vacuolation and PrPSc deposition.  Polymorphisms 

in the gene encoding the prion protein and their effects on the prion strain 

phenomenon were indirectly described well before the prion hypothesis was 

developed (Pattison & Millson, 1961).  The mouse Sinc (scrapie incubation) 

gene, was found to have two alleles, s7 and p7, which demonstrated a short and 

prolonged incubation time, respectively, when the mouse was i.c. injected with 

the Chandler scrapie strain (Dickinson et al., 1968).  A similar gene was also 

observed to affect incubation period in sheep and was referred to as the SipsAsA 

or SippApA gene (Hunter et al., 1989).  Following the identification of the Prnp 

gene, the close linkage of the Sinc and PrP gene was demonstrated, and it was 

subsequently shown that these two genes were congruent (Carlson et al., 1986; 

Carp et al., 1987; Hunter et al., 1987; Moore et al., 1998; Westaway et al., 1987).  

The Sinc genes were therefore re-designated as Prnpa for the Sinc s7 allele and 

Prnpb for the Since p7 allele.  It was later discovered that the polymorphisms 

resulted in amino acid substitutions in the prion protein at positions 108 and 189 

(Westaway et al., 1987).  The repeated passaging of scrapie isolates in animals 

with these two genotypes, as well as the heterozygote F1 animals, resulted in 

distinct phenotypic characteristics and the emergence and identification of 

multiple mouse-adapted prion strains (Bruce, 1993; Bruce & Fraser, 1991; Bruce 

et al., 1991; Dickinson & Meikle, 1971).  Similar to the prion species barrier 

effect, it was observed that the PrPSc allotype in the donor inoculum produced the 
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shortest incubation times when it matched that of PrPC in the host (Carlson et al., 

1989) 

 PrP gene dosage has also been shown to have a significant effect on the 

incubation period of prion diseases.  This was first observed in transgenic mouse 

studies demonstrating that the incubation period of the hamster prion strain 

Sc237 was inversely proportional to the transgene, SHaPrPC (Prusiner et al., 

1990).  The long incubation times were for some time thought to be the dominant 

traits (Carlson et al., 1986; Dickinson et al., 1968).  It was therefore surprising 

that, in Prnpa mice expressing Prnpb transgenes, a “paradoxical” shortening of 

the incubation period was observed (Westaway et al., 1991).  However, it was 

later revealed that this shortening in incubation time was due to increased PrP 

gene expression (Carlson et al., 1994).  This dose-dependent effect has been 

exploited in diagnostic and transmission studies by the production of transgenic 

mice that overexpress the Prnp gene (Fischer et al., 1996).  Transmission 

studies using these animals should be interpreted cautiously, as the increase in 

PrP gene dosage has profound effects on other processes that influence the 

outcome of disease.  For example, PrPC from Tga20 mice, who express PrP 

about 10 times the level as detected in wild-type mice, have a greater resistance 

to PK than wild-type PrPC and do not have a homogeneous deposition in their 

brains in contrast to its expression in the brains of wild-type mice (Karapetyan et 

al., 2009).   

The glycosylation of host PrP is thought to have an effect on disease 

outcome, including incubation period and the cellular localization and targeting of 
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PrPSc within the CNS.  Mature PrP has two N-linked glycosylation sites, which 

are variably occupied, producing di-, mono-, or unglycosylated PrP (Endo et al., 

1989; Stimson et al., 1999).  Several in vitro studies indicated that preventing the 

glycosylation of endogenous PrP could alter its structure and create a PrP 

molecule with PrPSc-like properties (Korth et al., 2000; Lehmann & Harris, 1997; 

Winklhofer et al., 2003).  However, in vivo expression of partially or unlycosylated 

PrPC resulted in PrP biochemical properties indistinguishable from that in wild 

type animals (Cancellotti et al., 2007; Cancellotti et al., 2005).  Altered PrPC 

glycosylation was also thought to influence the targeting and deposition of PrPSc 

in the CNS (DeArmond et al., 1997).  However, more recent studies using gene-

targeted transgenic mice expressing different glycosylated forms of PrP have 

indicated that this glycosylation-dependent targeting of PrPSc is only observed 

following peripheral routes of inoculation, but not intracerebral (Cancellotti et al., 

2007; Cancellotti et al., 2010; Tuzi et al., 2008).  These studies revealed changes 

in incubation period and susceptibility dependent on the degree of host 

glycosylation and prion agent following peripheral inoculation.   

A number of genes have also been identified that have modulatory 

effects on incubation period and the susceptibility to prion infection.  Two of these 

genes are thought to be directly involved in other neurodegenerative diseases: 1) 

App gives rise to the amyloid precursor protein and is involved in the production 

of the Alzheimer’s disease (AD) associated protein, Aβ, and 2) the gene 

encoding the superoxide dismutase 1 (SOD1) protein, which functions in the 

regulation of oxidative stress and is linked to the inheritance of amyotrophic 
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lateral sclerosis (ALS) (Deng et al., 1993; Masters et al., 1985; Rosen et al., 

1993).  While the knockout of App in mice increases incubation period, over-

expression of human SOD1 increases the incubation period when compared to 

wild type controls (Tamguney et al., 2008).  Conflicting reports have also 

suggested roles for key mediators of inflammation, which become up-regulated 

during the course of prion pathogenesis, including IL-1, IL-10, and CCL2 (Felton 

et al., 2005; Schultz et al., 2004; Tamguney et al., 2008; Thackray et al., 2004).  

Lastly, there is evidence linking proteoglycans and their glycosaminoglycan 

(GAG) side chains, particularly heparin sulfate (HS), to PrPC metabolism (Diaz-

Nido et al., 2002; Mayer-Sonnenfeld et al., 2008; Taylor et al., 2009).  These 

components have been identified as constituents of PrPSc plaques and are 

thought to be involved in the endocytosis of PrPC and act as cellular cofactors for 

conversion to PrPSc (Pan et al., 2002; Shyng et al., 1995; Snow et al., 1989; 

Snow et al., 1990; Taylor et al., 2009).  Taken together these studies reveal the 

variety of cellular factors that could potentially play a role in the outcome of 

disease, and highlight the importance in understanding and controlling for these 

components when studying prion pathogenesis.   

 

1.5.2d Age of host 

 The age of the host at the time of infection is known to affect the 

susceptibility and incubation period of disease.  Early pathogenesis studies 

revealed a slight decrease in incubation period from birth into adult life following 

i.c. inoculation with various strains of the scrapie agent (Dickinson & Meikle, 



 49 

1971).  However following i.p. inoculation with doses of the scrapie agent that 

were 100% lethal to adult mice, some neonatal mice survived, and those that 

developed disease displayed a wide range of incubation periods (Outram et al., 

1973a).  It was later demonstrated that neonatal mice are about 10-fold less 

susceptible to peripheral scrapie challenge than young adult mice, and became 

almost fully susceptible by 10 days of age (Ierna et al., 2006).  This phenomenon 

is likely due to the low levels of PrPC expression early in life.  Expression of PrPC 

is first observed in mouse embryos at around 13.5 days throughout the brain and 

spinal cord (Manson et al., 1992).  In the LRS, PrPC is first detected on maturing 

splenic FDC networks at about 10 days old, corresponding to the susceptibility of 

mice this age, to scrapie (Ierna et al., 2006).  Though PrPC expression is the 

most likely cause for this age-related affect on prion pathogenesis, other 

maturational events cannot be excluded.  

 

1.5.2e Sex of host 

 A sex-specific affect on the incubation periods of animals infected with 

prions has also been observed.  The effect is equivocal, as some models have 

demonstrated a shortened incubation period with either males or females, while 

in others it has been absent (Abiola et al., 2002; Outram, 1976).  Few studies 

have investigated this phenomenon and therefore its biological basis remains 

unknown.  However, sex-specific hormones, which can affect the immunological 

response to infection and therefore the outcome of disease (discussed in the 

next section), may underlie differences in susceptibility.   
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1.5.2f Immunological condition of the host 

 The immunological condition of the host has been found to have a strong 

influence on the tropism of PrPSc and subsequently its distribution.  As mentioned 

before in section 1.3.1, FDCs play a key role in peripheral prion replication and 

disease pathogenesis (Mabbott et al., 2000; Mabbott et al., 2003; Montrasio et 

al., 2000).  FDC’s express high levels of PrPC and accumulate PrPSc (Kitamoto et 

al., 1991).  During chronic inflammatory states, organized collections of B and T 

lymphocytes, FDCs, dendritic cells, and macrophages accumulate in various 

tissues.  Following inoculation with a mouse-adapted scrapie strain in several 

experimentally induced models of chronic inflammation, including nephritis, 

pancreatitis, and hepatitis, it was demonstrated that PrPSc accumulated in 

otherwise prion-free organs.  In fact, in naturally occurring prion diseases, PrPSc 

was detected in the mammary glands of sheep affected by mastitis (Ligios et al., 

2005), and was also detected in muscle of a patient who suffered from CJD and 

inclusion body myositis (Kovacs et al., 2004a).  These studies indicate that 

inflammatory conditions stimulate accumulation and replication of PrPSc in organs 

previously thought to be free from prion infection.  Additionally, it was shown that 

broad stimulation of the innate and adaptive components of the immune system 

increased the susceptibility to prion infection, further demonstrating an effect of 

the immune system in prion replication and pathogenesis (Bremer et al., 2009). 

 

1.5.3 Strain phenotype 
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 As mentioned previously, prion strains are operationally defined by the 

distinct phenotypic characteristics they display upon infection when a number of 

variables (section 1.5.2) are held constant.  An ever-growing number of 

experimental approaches have been designed to help distinguish strains based 

on their neuropathological and biochemical features.  Missing from this data is an 

understanding as to how a strains’ protein structure encodes different 

phenotypes.   

 

1.5.3a Clinical symptoms 

 One of the most common and reliable characteristics used to classify prion 

strains has been their distinct incubation periods.  Clinical symptoms have 

historically been used to distinguish strains, such as the case for the “scratching” 

and “drowsy” strains of scrapie in goats and the HY and DY strains of TME in 

hamsters (Bessen & Marsh, 1992b; Pattison & Millson, 1961).  However, clinical 

signs cannot always be applied to differentiate prion strains.  In mice, for 

example, several prion strains have been observed to have the same symptoms, 

which include ataxia, rough coat, and postural hunch (Bruce et al., 1991; 

Dickinson et al., 1968).  Interestingly, following i.c. inoculation of mice with 

various agent strains, multiple behavioral tests, including burrowing, nesting and 

open field activity, revealed distinct deficits prior to the onset of clinical disease 

(Cunningham et al., 2005; Dell'Omo et al., 2002).  Interestingly, these behavioral 

deficits were found to be reversible (Mallucci et al., 2007).  Following the 

widespread accumulation of PrPSc and spongiform degeneration, and the onset 
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of behavioral deficits in RML infected transgenic mice, endogenous neuronal 

PrPC was depleted by Cre-mediated recombination.  Along with reversing 

spongiform degeneration and preventing neuronal loss, neuronal PrPC depletion 

correlated with an improvement in behavioral deficits.  These results implicate 

neuronal loss and spongiosis as a cause for these clinical symptoms (Mallucci et 

al., 2007).   

 

1.5.3b Incubation period 

 Incubation period has been the most common and reliable characteristic 

used to classify prion strains.  The incubation period is defined as the time 

between experimental inoculation of the infectious agent and the appearance of 

neurological signs.  Despite the relatively long incubation periods, if all 

experimental conditions remain constant, it is reliably predictable and 

reproducible for a given prion strain (Bruce et al., 1991; Westaway et al., 1987).   

 Though many factors can influence the incubation period, infectious titer 

and accumulation of the agent are thought to have important roles.  The 

infectious titer and PrPSc abundance of different prion strains in the brain at the 

clinical stage of disease, are not significantly different (Hecker et al., 1992; 

Mulcahy & Bessen, 2004).  However, distinct rates of accumulation have been 

observed during the course of disease.  For the hamster-adapted scrapie strains 

Sc237 (short incubation period) and 139H (long incubation period), it was 

observed that 139H accumulated infectious titer at a significantly slower rate than 

Sc237 (Hecker et al., 1992).  Similarly, the long incubation period strain DY TME 
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accumulated PrPSc at a slower rate than the short incubation period strain HY 

TME (Mulcahy & Bessen, 2004).  These results suggest that distinct incubation 

periods can arise because of strain-specific differences in the rate of 

accumulation in the CNS.  PrPSc accumulation can be influenced by multiple 

factors, and as will be discussed below, may be dependent on a delicate balance 

between PrPSc replication and clearance. 

 

1.5.3c Neuropathological features 

 Prion strains cause distinct neuropathological features which include the 

location and severity of spongiosis and PrPSc deposition in the CNS (Bruce & 

Fraser, 1991; Bruce et al., 1989; Dickinson, 1976).  These strain-specific 

characteristics are essential, not only for identifying new PrPSc strains, but also in 

epidemiological studies to track the origin of an infectious agent.  For example, 

the indistinguishable neuropathological profiles of the brains of BSE and vCJD 

inoculated transgenic mice lent great support for BSE as the causative agent of 

vCJD (Bruce et al., 1997; Scott et al., 1999).  The formation of vacuoles has 

been hypothesized to form as a result of the swelling of dendrites and axons, 

with a loss of intracellular organelles, or alternatively by dilation of membrane 

bound organelles within neuritis and neuronal perikarya (Baker et al., 1990; Beck 

et al., 1982; Ersdal et al., 2004; Jeffrey et al., 1992b).  The mechanism that 

initiates these morphological changes is unknown.   

 Immunohistochemistry can be used to distinguish different patterns of 

PrPSc accumulation that are observed in different prion strains.  For example, in 
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rodent models, PrPSc from certain strains accumulates as amyloid plaques and 

forms punctate PrPSc deposits, whereas PrPSc from other strains displays 

intraneuronal, perineuronal, and astrocyte-associated deposits (Bruce et al., 

1989; Diedrich et al., 1991b; Jeffrey et al., 1994).  Additionally, 

immunohistochemical studies of multiple scrapie isolates demonstrated strain-

specific affinity for neurons, glial cells, or ependymal and endothelial cells 

(Gonzalez et al., 2003a).  Similar to the “lesion profile” technique, “PrPd profiles” 

measure the abundance and distribution of these distinct PrPSc staining patterns 

in defined brain areas to discriminate between strains (Gonzalez et al., 2002; 

Gonzalez et al., 2005; Gonzalez et al., 2003b).  Based on these findings, it was 

hypothesized the differences in PrPd profiles are due to variations in PrPSc 

processing and cellular tropism following infections with different prion agents 

(Gonzalez et al., 2003a).   

The proteolytic processing of PrPSc has been demonstrated in vivo by 

the lack of intracellular immunoreactivity to antibodies whose epitopes are 

located on the N-terminal portion of the PrP molecule (Jeffrey et al., 2003; Jeffrey 

et al., 2001a).  The PrPSc “epitope mapping” technique uses a panel of anti-PrP 

antibodies, whose epitopes span the entire length of PrP, to measure the degree 

of PrPSc truncation (Jeffrey et al., 2003; Jeffrey et al., 2001a).  The site of 

intracellular truncation not only differs according to prion strain, but also cell type 

(Jeffrey et al., 2003).  Strain and cell-specific variations in the processing of PrPSc 

have been observed in brain tissue and cultured cells, and suggest differences in 

both the susceptibility of PrPSc conformers to enzymatic digestion, and the 
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endosomal-lysosomal compartments within different cell types (Chen et al., 1995; 

Dron et al., 2010; Jeffrey et al., 2003; Jimenez-Huete et al., 1998; Yadavalli et 

al., 2004).  PrPSc epitope mapping has been used extensively to distinguish 

experimental and natural sources of scrapie and BSE in sheep and goats 

(Gonzalez et al., 2002; Gonzalez et al., 2005; Gonzalez et al., 2003b; Jeffrey et 

al., 2003; Jeffrey et al., 2010).   

 At the ultrastructural level, several other morphological changes are 

associated with membrane PrPSc accumulation.  These include neuronal and 

astrocytic membranes with an increase in coated pits and invaginations, and in 

severe cases, a microfolding of the membrane (Ersdal et al., 2009; Ersdal et al., 

2003; Jeffrey et al., 2009a; Jeffrey et al., 2004).  This has led researchers to 

suggest abnormal endocytosis due to PrPSc accumulation as a possible 

mechanism for membrane-associated morphological changes.  Numerous other 

lesions have been described that do not display PrPSc immunoreactivity including 

axonal terminal degeneration (Jeffrey et al., 2004), dystrophic neuritis (Ersdal et 

al., 2004), dendritic varicosities (Fuhrmann et al., 2007), synaptic vesicle 

clumping (Liberski et al., 1992), and a loss of synapses and dendritic spines 

(Brown et al., 2001; Jeffrey et al., 2000b).  Although all the above-mentioned 

changes appear in the majority of prion susceptible species, data is lacking on 

their strain-specific formation. 

 

1.5.3d Tropism 
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 The distribution of PrPSc in organs, neuronal populations, and non-

neuronal cell types can differ between strains, suggesting that PrPSc has a 

distinct strain-specific cellular tropism (Bartz et al., 2004; Bessen & Marsh, 1994; 

Caughey et al., 1998; DeArmond et al., 1997; Mahal et al., 2007; Telling et al., 

1996). Unlike natural lymphotropic strains such as vCJD, CWD, and most scrapie 

isolates (Heggebo et al., 2002; Hilton et al., 2004; Jeffrey et al., 2000c; Sigurdson 

et al., 1999), other prion strains display a neurotropic deposition pattern and 

accumulate PrPSc primarily in the CNS and show low abundance in secondary 

lymphoid organs.  In cases of BSE, PrPSc is not observed in the LRS until the 

latest stages of disease, suggesting secondary spread from the CNS (Bruce et 

al., 2001; Espinosa et al., 2007; Masujin et al., 2007; Vidal et al., 2008; Wells et 

al., 1998).  In fact, in sheep infected with the atypical strain of sheep scrapie 

Nor98, no PrPSc is detected in the LRS at any point during disease (Benestad et 

al., 2003; Nentwig et al., 2007).  Unlike BSE, the potential for a spontaneous 

etiology for Nor98 has not been discounted.  This phenomenon has also been 

observed for the HY and DY hamster-adapted strains of TME.  In contrast to HY 

TME pathogenesis, the DY TME agent is unable to cause disease or accumulate 

PrPSc in the LRS following peripheral routes of inoculation in which direct 

neuroinvasion is not possible (Bartz et al., 2005).  

  Different prion strains cause distinct patterns of spongiosis and PrPSc 

deposition in the CNS at the clinical stage of disease (Bessen & Marsh, 1994; 

Dickinson, 1979; Fraser & Dickinson, 1968; Hecker et al., 1992; Kimberlin & 

Walker, 1977), and as previously mentioned, PrPC glycosylation influences 
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patterns of prion neurotropism in a strain-dependent manner (DeArmond et al., 

1997; Tuzi et al., 2008).  Additionally, as will be discussed in the next section, 

prion strains produce distinct PrPSc glycoform ratios (Collinge et al., 1996).  

Taken together, these results suggest that the strain-specific PrPSc glycoform 

ratio may have the potential to affect the targeting of prion strains.  In fact, the 

regional distribution of PrPSc glycoforms was found to be heterogenous in brain 

specimens taken from a single sCJD infected individual (Levavasseur et al., 

2008). However, this idea is not supported by the recent finding that RML- and 

301C-amplified prions containing unglycosylated PrPSc, maintained their strain-

specific patterns of PrPSc deposition and spongiosis following inoculation in mice 

(Piro et al., 2009).   

The strain-specific tropism has been used as an in vitro means to 

discriminate among strains by the cell panel assay (Mahal et al., 2007).  Though 

the uptake of PrPSc by cell lines appears to be non-specific, this assay does 

detect strain-specific differences in the susceptibility of multiple cell lines to 

increasing concentrations of a particular prion strain (Greil et al., 2008; 

Magalhaes et al., 2005; Mahal et al., 2007).  The mechanism responsible the 

differential cell tropism displayed by strains is not known, but potential 

mechanisms will be discussed in detail below. 

 

1.5.3e Biochemical properties 

 In addition to in vivo strain variation, PrPSc from each prion strain can be 

distinguished by its biochemical characteristics.  One of these strain-specific 
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properties is the susceptibility of PrPSc to proteinase K (PK) digestion (Bessen & 

Marsh, 1992a; Kuczius & Groschup, 1999).  Additionally differences in the 

electrophoretic mobility of PrPSc from multiple strains are observed following PK 

digestion (Figure 1.2).  For example, after limited proteolysis with PK, DY PrPSc is 

shown to be more protease-sensitive than HY PrPSc, and migrates 1-2 kDa 

further by Western blot analysis.  These differences are thought to result from 

strain-specific conformational states that consequently lead to exposure of 

distinct PrPSc cleavage sites for PK (Bessen & Marsh, 1994; Telling et al., 1996). 

 The relative ratios of the unglycosylated, monoglycosylated, and 

diglycosylated forms of PrPSc differ between prion strains.  In addition to PrPSc 

electrophoretic mobility, the glycoform ratio of PrPSc has often been used to 

distinguish between strains.  For example, three distinct patterns of PrPSc (types 

1-3) have been identified for both sporadic and iatrogenic CJD (Figure 1.2) 

(Collinge et al., 1996; Parchi et al., 1999).  All cases of vCJD display a novel 

Western blot pattern, designated type 4, which is identical to the pattern 

observed in BSE-infected cattle and macaques (Figure 1.2) (Collinge et al., 1996; 

Parchi et al., 1999).  Upon transmission to mice, BSE and vCJD produced the 

same type 4 molecular strain pattern as observed in the original inoculum, 

lending strong support for the hypothesis that vCJD is the result of BSE 

transmission to humans (Figure 1.2) (Hill et al., 1997a).  

 The variety of PrPSc conformers that prion strains can adopt allows for 

differentiation by several conformation-dependent assays.  As mentioned in 

section 1.5.1, these techniques provided compelling evidence for the hypothesis  
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Figure 1.2  Representation of the strain-specific biochemical variations of 

PrPSc by Western blot analysis.  Different prion strains display unique migration 

patterns and glycosylation profiles after digestion with proteinase K.  The 

characteristic patterns observed for these strains are retained after passage in 

wild-type mice.  Adapted from (Aguzzi & Calella, 2009) 
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that strain-specific differences are determined by their PrPSc conformation.  The 

conformation assay uses infrared spectroscopy to measure protein secondary 

structure (Caughey et al., 1998; Caughey et al., 1991).  This technique 

demonstrated that HY and DY PrPSc differed in their β-sheet content.  The 

conformation-dependent immunoassay and conformational stability assay 

measure the resistance to denaturation by chaotropic agents and have been 

used to distinguish strains from a variety of synthetic and naturally occurring 

prion sources from hamsters and mice (Peretz et al., 2001; Safar et al., 2000; 

Safar et al., 1998). 

 

1.6 POSSIBLE MECHANSIMS OF STRAIN VARIATION 

 As outlined in the previous sections, a number of neuropathological and 

biochemical differences are observed among the different prion strains.  

However, the mechanisms responsible for these strain-specific differences are 

still not understood.  This section will describe three mechanisms that could 

potentially account for strain variation. 

 

1.6.1 Prion transport 

 Initial evidence for prion spread along specific neuroanatomical pathways 

was derived from experiments using intraocular inoculation.  That study indicated 

that the temporal and spatial occurrence of spongiform degeneration was 

consistent with prion transport along the retinotectal pathway (Fraser, 1982).  

Subsequent studies with hamsters, employing a variety of peripheral prion 
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infections, all came to the same conclusion: prions were preferentially 

transported along known neuroanatomical pathways (Bartz et al., 2002; Bartz et 

al., 2003; McBride et al., 2001).  However, the mechanism by which prions 

propagate from one neuronal cell to another is not understood.   

 Prion propagation could occur along the axolemma of a neuron (Prinz et 

al., 2004).  Because PrPC is a GPI-anchored membrane protein, it is conceivable 

that incoming PrPSc converts PrPC on the axolemma, thereby spatially 

propagating the infection.  However, transgenic mice expressing PrPC only in 

oligodendrocytes and Schwann cells never developed disease after multiple 

routes of inoculation with the scrapie agent (Prinz et al., 2004).  Additionally, no 

PrPSc was detected, suggesting that oligodendrocytes and Schwann cells do not 

support prion replication (Prinz et al., 2004).  If prions utilized this mode of 

transport throughout the CNS, one would expect an extensive deposition of PrPSc 

along the axolemma, which has not been observed.  

 The most likely explanation for the propagation of PrPSc via neurons is 

through axonal transport.  The directional transport of proteins in an axon is 

dependent on the axonal cytoskeleton, consisting of microtubules, intermediate 

filaments, and microfilaments (Brown, 2003).  Intra-axonal proteins are powered 

by molecular motor proteins, which primarily move along microtubules for long-

range movements within the axon. Kinesin is the main motor protein for 

anterograde transport (cell body to axon terminal), whereas dynein is the 

principal motor protein used for retrograde transport (axon terminal to cell body) 

(Goldstein & Yang, 2000).  There are both fast and slow components of axonal 
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transport with rates from 100-400 mm/day for the fast components and 0.2-8 

mm/day for the slow components.   

 To better understand the mechanisms underlying prion transport, several 

studies have used transgenic mouse models that have various impairments in 

axonal transport.  Prion propagation was investigated in two retrograde transport 

deficient mouse mode: 1) four-repeat tau over-expressing mice and 2) 

cytoplasmic dynein heavy chain mutant mice (legs at odd angles [Loa] mouse) 

(Hafezparast et al., 2005; Kunzi et al., 2002).  The data from these studies 

suggested that the fast retrograde axonal transport mechanism is not responsible 

for transport of PrPSc.  An additional study investigated axonal transport by 

treating animals with iminodiproprionitrile (IDPN), which disorganizes 

neurofilaments and axonal transport mechanisms (Kratzel et al., 2007).  Similar 

to the previous studies, no significant differences in axonal transport were 

observed between transport in deficient and untreated control mice (Kratzel et 

al., 2007).  However, for all of these studies, and most in vivo studies 

investigating neuronal transport, a complete inhibition of axonal transport is not 

possible.  Mouse models with complete inhibition of transport mechanisms die in 

utero or shortly after birth, making the use of these mice impractical (Hafezparast 

et al., 2003; Harada et al., 1998).  Therefore, the remaining retrograde activity in 

these animals could be sufficient for prion transport, limiting the interpretation of 

these studies.   

 The immunohistochemical detection of PrPSc has been used to investigate 

the dynamics and velocity of prion transport.  The temporal sequence and 
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location of PrPSc deposition has been examined following oral exposure of 

multiple prion isolates. Based on PrPSc deposition patterns it has been suggested 

that the agent is axonally transported in a retrograde direction from the ENS to 

the CNS along autonomic pathways supplying the viscera (Figure 1.4) (McBride 

et al., 2001; van Keulen et al., 2000).  Additionally, retrograde spread of PrPSc 

was suggested following intrasciatic nerve and intratongue inoculation of 

hamsters with the HY TME agent (Bartz et al., 2002; Bartz et al., 2003).  

Detection of PrPSc in structures that are consistent with anterograde transport 

has been observed only just prior to, or during, the clinical phase of disease 

(Bartz et al., 2002; Thomzig et al., 2004a; Thomzig et al., 2007).  It is not known 

if the preference for retrograde spread of PrPSc is due to specific directional 

transport along axons or to selective directional transport across synapses. 

 The rate of PrPSc transport has been determined by studying the temporal 

and spatial distribution of PrPSc-immunoreactivity in the CNS.  Based on these 

studies, axonal transport of PrPSc is thought to be between 0.5-4 mm/day, which 

is consistent with the slow component of axonal transport (Bartz et al., 2002; 

Brown, 2003; Kimberlin & Walker, 1982; Scott et al., 1992).  However, these 

measurements are affected not only by the rate of transport, but also by the 

ability to detect PrPSc by IHC.  In addition, the rate of PrPSc transport could also 

be affected by the efficiency with which PrPSc is transported across synapses.  

 While it is clear that PrPSc is selectively transported via specific neuronal 

pathways, it is not known if different strains utilize the same, or different, 

neuroanatomical pathways. 
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I HYPOTHESIZE THAT THE CHARACTERISTIC NEUROPATHOLOGY OF PRION 

STRAINS IS DUE TO STRAIN-SPECIFIC TRANSPORT ALONG DIFFERENT 

NEUROANATOMICAL TRACTS.   The working hypothesis is that the HY and DY TME 

agents are transported along different neuroanatomical tracts.  To test this 

hypothesis, the temporal distribution of HY and DY PrPSc in the CNS will be 

detected by immunohistochemistry following inoculation in the sciatic nerve.  The 

strain-specific spread of PrPSc will result in the characteristic neuropathological 

differences used to identify prion strains. 

 

1.6.2 Neuronal susceptibility 

 In addition to strain-specific transport, another potential mechanism for the 

distinct neuronal tropism observed among strains is differential neuronal 

susceptibility to infection.  As discussed in section 1.5.3d, differential 

susceptibility to prion infection is observed in vitro.  The establishment of prion-

infected neuronal and non-neuronal cell lines has proven difficult, as only a 

limited number of cell lines can efficiently propagate PrPSc (Birkett et al., 2001; 

Mahal et al., 2007; Solassol et al., 2003; Vorberg et al., 2004).  Additionally, 

these cell lines display an inherent resistance to infection by certain prion strains 

(Solassol et al., 2003).  It was recently demonstrated in vitro, that PrPSc uptake in 

cells during acute infection is similar for the different scrapie strains and cell 

types.  Therefore, it seems likely that the distinct patterns of spongiform change 
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and PrPSc deposition in prion-infected animals is the result of strain-specific 

neuronal susceptibility to infection.  

 

 I HYPOTHESIZE THAT THE DIFFERENTIAL SUSCEPTIBILITY OF NEURONAL 

POPULATIONS TO PRION ACCUMULATION DETERMINES PRION STRAIN TARGETING.  The 

working hypothesis is that the HY and DY TME agents display a strain-specific 

pattern of deposition.  To test this hypothesis, the distribution of HY and DY 

PrPSc will be detected throughout the CNS and PNS immunohistochemically at 

the clinical stage of disease following multiple routes of inoculation.  The inability 

to preferentially accumulate PrPSc from one TME strain will result in a distinct 

strain-specific pattern of PrPSc deposition within the CNS or PNS.  

 

1.6.3 Replication and clearance 

 Variations in PrPSc replication and proteolytic clearance may contribute to 

strain-specific neuropathological features.  Several studies have investigated the 

in vivo rates of PrPSc accumulation and have identified strain-specific differences 

(Hecker et al., 1992; Mulcahy & Bessen, 2004).  Many factors may influence 

PrPSc accumulation in the CNS.  The dynamic susceptibility model, proposed by 

Weissmann (Weissmann, 2004), suggests that the capacity of a cell to propagate 

prions, all genetic features being equal, depends on the ratio of prion synthesis to 

degradation. However, little is known concerning the strain-specific variability of 

PrPSc replication and in vivo proteolytic clearance.  
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 Only one study to date has investigated strain-specific rates of 

accumulation.  Using the cell-free PrP conversion assay, the kinetics of HY and 

DY PrPSc formation were investigated (Mulcahy & Bessen, 2004).  The rate of 

PrP conversion was found to be greater for HY PrP when compared to 

conversion of the DY TME agent (Mulcahy & Bessen, 2004).  These data 

correlated well with the increased rate of HY PrPSc accumulation observed in vivo 

(Mulcahy & Bessen, 2004).  Although this study demonstrates differences in the 

rate of PrPSc replication among strains, much more work needs to be done to 

better understand this process.   

 The other side of the equation is PrPSc clearance.  Strain-specific 

differences in the susceptibility of PrPSc to proteolytic cleavage have been 

reported both in vitro and in vivo.  HY and DY PrPSc isolated from the brains of 

infected animals were found to differ in their susceptibility to PK digestion 

(Bessen & Marsh, 1992a).  Additionally, in vivo strain-specific differences in the 

degree of intrasomal PrPSc truncation have been observed, suggesting prion 

strains also differ in their susceptibility to endogenous proteolytic clearance 

(Chen et al., 1995; Dron et al., 2010; Jeffrey et al., 2003; Jimenez-Huete et al., 

1998; Yadavalli et al., 2004).  The relationship between the rate of PrPSc 

replication and clearance for a given strain has yet to be reported.  

 Possible mechanisms explaining the connection between PrPSc 

conformation and prion strain properties have been suggested, but are 

somewhat contradictory and poorly understood.  In murine models of prion 

disease, a decrease in the conformational stability of PrPSc correlates with a 
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decrease in the incubation period (Colby et al., 2009; Legname et al., 2006).  A 

proposed explanation for this result, and one that is supported in yeast prion 

systems, is that decreasing the stability of PrPSc increases PrPSc fragmentation 

(Kryndushkin et al., 2003; Masel et al., 1999; Silveira et al., 2005; Tanaka et al., 

2006).  Fragmentation would create a greater number of PrPSc seeds, allowing 

for an increased rate of agent replication and a correspondingly shorter 

incubation period (Masel et al., 1999; Silveira et al., 2005; Tanaka et al., 2006).  

These data are in direct contrast to what has been observed in hamster-adapted 

prion strains.  In these studies, short incubation period strains have PrPSc that is 

conformationally more stable compared to PrPSc from strains with a relatively 

longer incubation period (Peretz et al., 2001).  These data suggest that PrPSc 

conformational stability for a given strain may influence strain properties. 

 

 I HYPOTHESIZE THAT PRION STRAINS WITH CONFORMATIONALLY STABILE PRPSC 

ARE EFFEICIENTLY REPLICATED AND DISPLAY AN INCREASED RESISTANCE TO IN VIVO 

CLEARANCE.  The working hypothesis is that PrPSc of short incubation period 

hamster-adapted prion strains will display a higher conformational stability, more 

efficient replication, and greater intracellular immunoreactivity than long 

incubation period strains.  To test this hypothesis, these strain-specific properties 

will be measured by the following techniques: PrPSc stability using the 

conformational stability assay, PrPSc replication by PMCA, and in vivo processing 

by epitope mapping immunohistochemistry.  A stabile PrPSc conformation will 

result in an increase in the rate of replication and resistance to proteolytic 
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clearance, thereby causing a higher rate of PrPSc accumulation and a 

correspondingly short incubation period.  
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1.7 RESEARCH GOALS 

 Prion strains have historically been identified by the characteristic intensity 

of spongiform degeneration in different regions of the CNS (Fraser & Dickinson, 

1968; Fraser & Dickinson, 1973).  It was subsequently demonstrated that the 

anatomical distribution of PrPSc deposition in the CNS differs between prion 

strains in rodents (Bessen & Marsh, 1992b; DeArmond et al., 1997; Hecker et al., 

1992).  It is hypothesized that each prion strain has a unique conformation of 

PrPSc, but the mechanisms responsible for strain-specific differences in 

neuropathology are not known (Bessen & Marsh, 1994; Caughey et al., 1998; 

Kascsak et al., 1986; Legname et al., 2006; Safar et al., 1998; Telling et al., 

1996).   

 The goal of this dissertation is to advance the understanding of prion 

strain targeting by studying potential mechanisms that could account for strain-

specific differences in neuropathology.  These mechanisms include strain-

specific differences in 1) neuroanatomical transport, 2) neuronal susceptibility to 

infection, and 3) the efficiency of intracellular PrPSc accumulation. 



 70 



 71 

CHAPTER II: METHODS 
 

2.1 ANIMAL INOCULATIONS 

 All procedures involving animals were approved by the Creighton 

University Institutional Animal Care and Use Committee and were in compliance 

with the Guide for the Care and Use of Laboratory Animals.  Sciatic nerve and 

intracerebral inoculations of the hamster-adapted prion agents were performed 

on male Syrian golden hamsters (Harlan-Sprague-Dawley, Indianapolis, IN).  

Anesthesia of hamsters was administered by an intraperitoneal injection of a 

ketamin-xylazine mixture (120 mg of ketamine/kg of body weight, 10mg of 

xylazine/kg), and the hamster was restrained on a small-animal retraction system 

(Fine Science Tools, Foster City, CA).  A small incision in the skin of the hind 

limb was made, and the sciatic nerve was exposed at the popliteal fossa.  

Hamsters were inoculated in the sciatic nerve or intracerebrally with 1 or 25 µl, 

respectively, of a 1% (wt/vol) brain homogenate from animals at the terminal 

stage of disease infected with either the HY TME, DY TME, 263K, HaCWD, 

22AH, 22CH, 139H, or ME7H hamster-adapted prion strain (Bartz et al., 1998; 

Bessen & Marsh, 1992b; Kimberlin et al., 1987b; Kimberlin & Walker, 1977; 

Kimberlin et al., 1989).  The 30-gauge needle used for sciatic nerve inoculations 

was reciprocated within the sciatic nerve 10 times to enhance the efficiency of 

prion infection (Bartz et al., 2002; Kimberlin et al., 1983). Hamsters were 

observed three times per week for the onset of neurological disease, with a 

clinical diagnosis of HY TME and HaCWD based on the presence of ataxia and 

hyperexcitability, of DY TME based on the appearance of progressive lethargy, of 
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263K based on the appearance of head bobbing, generalized tremor, or ataxia, 

and of 22AH, 22CH, 139H, or ME7H based on the appearance of sluggishness 

with bradykinesia and kyphosis (Bartz et al., 1998; Bessen & Marsh, 1992b; 

Thomzig et al., 2004b).  Incubation period was calculated as the number of days 

between inoculation and the onset of clinical signs. 

 

2.2 TISSUE COLLECTION 

 Tissue from infected and mock-infected hamsters was collected for either 

immunohistochemistry (IHC) or Western blot analysis at selected time points 

post-infection.  For IHC analysis animals were anesthetized with isoflurane and 

perfused transcardially with 50 ml of 0.01M Dulbecco’s phosphate-buffered 

saline followed by 75 ml of McLean’s paraformaldehyde-lysine-periodate (PLP) 

fixative.  Brain, brainstem, spinal cord, dorsal root ganglia, and sympathetic chain 

with ganglia attached were immediately removed and placed in PLP for 5-7 hours 

at room temperature prior to paraffin processing.  The intervertebral disk between 

T6 and T7 and the intervertebral disk between T10 and T11 serve as the rostral 

and caudal landmarks for lumbar spinal cord collection, respectively.  To 

determine the proper DRG to collect, the sciatic nerve, for which the neurons in 

the ganglia project, was exposed and followed into the lumbar spinal cord.  The 

entire sympathetic trunk was collected. 

 For Western blot analysis, animals were sacrificed by CO2 asphyxiation, 

and the brain, trigeminal ganglia, and dorsal root ganglia were rapidly removed, 

flash frozen and stored at -80°C.  
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 For protein misfolding cyclic amplification experiments, uninfected 

hamsters were anesthetized with isoflurane and trascardially perfused with 75 ml 

of ice-cold phosphate-buffered saline containing 5 mM EDTA (pH 7.4) (Castilla et 

al., 2005).  Brain tissue was immediately collected, frozen on dry ice, and stored 

at -80°C until use. 

 

2.3 RETROGRADE TRACER INJECTION AND ANALYSIS 

 Hamsters were injected in the sciatic nerve with 2µl of a 10% (wt/vol) 

solution of 10,000 MW lysine-fixable dextran conjugated to Alexa Fluor 568 

(Invitrogen; Carlsbad, CA). Animals were sacrificed, as previously described, 72 

hours postinjection, and perfused transcardially with DPBS followed by PLP 

fixative.  The lumbar spinal cord (level L4 to L6), corresponding dorsal root 

ganglia and sympathetic trunk were removed, placed in PLP for 5-7 hours at 

room temperature, and then immersed in 20% (wt/vol) sucrose for 24 hours at 

4°C.  After embedding in tissue freezing medium (Ted Pella, Redding, CA), 

tissue was cut to a thickness of 30µm using a freezing microtome and sections 

were analyzed using fluorescence microscopy.  Fluorescence microscopy was 

performed using a Nikon i80 microscope (Nikon, Melville, NY).  Images were 

captured using a DigiFire camera and ImageSys digital imaging software (Soft 

Imaging Systems, Lakewood, CO).   

 

2.4 WESTERN BLOT ANALYSIS 
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 Brain tissue and spinal cord tissue were homogenized to 10% w/v in 

Dulbecco’s Phosphate Buffered Saline (DPBS) without Ca++ or Mg++ 

(Mediatech, Herndon, VA) containing protease inhibitors (Roche Diagnostics 

Corporation, Indianapolis, IN) by passing the tissue through a 26 g needle, 

followed by a 30 second incubation in a cup horn sonicator (Fisher Scientific, 

Atlanta, GA).  The tissue was diluted to 5% w/v in DPBS containing proteinase K 

(PK) at a final concentration of 1 U/ml (Roche Diagnostics Corporation, 

Indianapolis, IN) and incubated at 37°C for 1 hour with constant agitation.  The 

PK digestion was terminated by incubating the samples at 100°C for 10 minutes.  

This digestion resulted in the detection of only the PK-resistant population of 

PrPSc and in the digestion of the normal form of the prion protein, PrPC 

(Caughey et al., 1990).  SDS-PAGE and Western blot analysis were performed 

using the anti-PrP antibody 3F4 (1:600; Chemicon; Billerica, MA).  The blot was 

developed with Pierce Supersignal West Femto Maximum Sensitivity Substrate 

according to manufactures instructions (Pierce, Rockford, IL) and imaged on a 

Kodak 4000R Imaging Station (Kodak, Rochester, NY).  The quantification of 

PrPSc abundance and the comparison of PrPSc abundance between samples 

were performed using Kodak Molecular Imaging Software v.5.0.1.27 (New 

Haven, CT). 

 

2.5 PrPSc IMMUNOHISTOCHEMISTRY 

 PLP-fixed, paraffin-embedded tissue sections were cut to a thickness of 

7µm and attached to glass slides (Fisher Scientific, Atlanta, GA).  Following 
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deparaffinization in xylene and a series of alcohol solutions of decreasing alcohol 

concentrations, the sections were incubated in 95% formic acid (Sigma-Aldrich, 

St.Louis, MO) for 20 minutes at room temperature.  The slides were then washed 

for 5 minutes each in Tris-buffered saline (TBS) and water at room temperature. 

Endogenous peroxidases were then blocked by immersion of sections in 0.3% 

H2O2 in methanol for 20 minutes at room temperature.  Following 2 washes in 

water for 5 minutes at room temperature and a wash in TTBS, non-specific 

staining was blocked by immersion in 10% normal horse serum (Vector 

Laboratories, Burlingame, CA) in Tris-buffered saline for 30 minutes at room 

temperature.  The sections were incubated with an anti-PrP antibody (Table 4.2) 

at 4°C overnight.  After a wash in TTBS, the sections were then incubated with a 

biotinylated horse anti-mouse immunoglobulin G conjugate and subsequently 

incubated in ABC solution (Elite kit; Vector Laboratories, Burlingame, CA).  

Sections were developed using 0.05% w/v 3,3’-diaminobenzidine (Sigma-Aldrich, 

St. Louis, MO) in tris-buffered saline containing 0.0015% H2O2 and 

counterstained with hematoxylin (Richard Allen Scientific, Kalamazoo, MI).  Light 

microscopy was performed using a Nikon i80 microscope (Nikon, Melville, NY) 

and images were captured using a DigiFire camera and ImageSys digital imaging 

software (Soft Imaging Systems, GmbH) and processed using Adobe Photoshop 

CS2 v9.0.1 (Adobe Systems Inc., San Jose, CA).  

 For double immunofluorescence, tissue sections were deparaffinized and 

treated with 95% formic acid as described above. Sections were blocked with 

10% goat serum (Vector Laboratories, Burlingame, CA) in tris-buffered saline for 
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30 minutes at room temperature, followed by overnight incubation at 4°C with the 

panel of anti-PrP monoclonal antibodies (Table 4.2) and anti-glial fibrillary acidic 

protein made in (GFAP; 1:16,000; Dako; Carpinteria, CA) or anti-ionized calcium 

binding adaptor molecule 1 (Iba-1; 1:500; Abcam; Cambridge, MA) antibodies.  

Sections were then incubated with both goat anti-mouse Alexa Fluor 546 and 

goat anti-rabbit Alexa Fluor 488 or both rabbit anti-mouse Alexa Fluor 546 and 

rabbit anti-goat Alexa Fluor 488 secondary antibodies for one hour at room 

temperature (1:500; Invitrogen; Carlsbad, CA).  Slides were mounted in ProLong 

Gold antifade reagent with DAPI (Invitrogen; Carlsbad, CA) and coverslipped. 

 

2.6 CONFOCAL LASER SCANNING MICROSCOPY 

 Fluorescent images were captured on a Zeiss LSM 510 META NLO 

confocal scanning system (Carl Zeiss Jena; Jena, Germany) using a Plan Neo 

40x 1.3-NA DIC oil objective.  Excitation of the Alexa Fluor antibodies and DAPI 

was achieved using an Argon laser at 488 nm, a Helium Neon laser at 543 nm, 

and a Coherent Chameleon near infrared tunable Ti:Sapphire laser.  To increase 

the signal to noise ratio, each line was scanned 4 times and averaged.  The 

pinhole aperture for each channel was adjusted so that an optical slice of 1.0 µm 

was imaged.  In the profile view for each image, the line tool was used to draw an 

arbitrary line, and the relative fluorescent intensities along that line were 

compared to determine intracellular staining.
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Table 2.1  Summary of PrPSc IHC processed and analyzed tissue sections.   

   Sampling interval of tissue 
sectionsa: 

 

Tissue Section 
thickness 

Adjacent tissue 
sections per 

slide 

Infected 
animals 

Mock-
infected 
animals 

Average no. of 
tissue sections 
analyzed per 

infected animal 
      

DRG 7 µm 15 0 µm 0 µm 225 
      

Sympathetic 
ganglia 7 µm 9 0 µm 0 µm 405 

      
Spinal cord 7 µm 4 196 µm 420 µm 76 

      
Caudalb - 4 Caudalb - 80 DY Brain 7 µm Rostralc - 8 126 µm 420 µm Rostralc - 96 

      
Caudalb - 4 Caudalb - 40 HY Brain 7 µm Rostralc - 8 126 µm 420 µm Rostralc - 40 

      
 

a Maximum distance between tissue sections 
b Caudal tissue: medulla, pons, and cerebellum 
c Rostral tissue: mesencephalon, diencephalon, and telencephalon
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2.7 SAMPLING FREQUENCY 

 The sampling frequency of the processed tissues is represented in Table 

2.1 to define the parameters used to determine the detection of PrPSc in each 

neuroanatomical structure at the various time points in Chapter 3.  For HY and 

DY TME agent infected hamsters, tissue sections were analyzed at a sampling 

interval of no greater than 196µm.  The distance between tissue sections from 

mock-infected animals was no greater than 420µm. 

 

2.8 CALCULATION OF THE RATE OF PrPSc SPREAD  

The rate of PrPSc spread following sciatic nerve inoculation was calculated 

by dividing the distance between the inoculation site and specific CNS structures 

by the number of days post inoculation (p.i.) when PrPSc was first detected.  The 

distance of a given structure from the point of inoculation on the sciatic nerve to 

the middle of the structure was measured in millimeters.  The HY TME agent-

infected animals were sacrificed every week beginning at 1 week p.i. until the 

onset of clinical signs, and the DY TME agent-infected animals every week 

beginning at 12 weeks p.i. until the onset of clinical signs.  The Student’s t-test 

was performed to compare the average rates of PrPSc spread using Prism 4.0 for 

Macintosh software (GraphPad Software, Inc., San Diego, CA). 
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CHAPTER III: CLINICAL TARGET AREAS GOVERN PRION STRAIN TARGETING 

INDEPENDENT OF STRAIN-SPECIFIC NEURONAL TROPISM 

 

3.1 BACKGROUND 

Prion diseases are fatal neurodegenerative disorders that affect animals 

including humans.  Prions are comprised of PrPSc, an abnormal isoform of the 

host encoded prion protein, PrPC, and lacks a nucleic acid genome (Castilla et 

al., 2005; Deleault et al., 2007; Prusiner, 1982; Prusiner, 1991).  Prion strains are 

operationally defined by differences in the distribution of spongiform 

degeneration or PrPSc deposition within the central nervous system (CNS) 

following experimental passage (Bessen & Marsh, 1994; Dickinson, 1979; Fraser 

& Dickinson, 1968; Hecker et al., 1992; Kimberlin & Walker, 1977).  While there 

is evidence to suggest that prion strain diversity is encoded by the conformation 

of PrPSc (Bessen & Marsh, 1994; Caughey et al., 1998; Kascsak et al., 1986; 

Safar et al., 1998; Telling et al., 1996), the mechanism(s) responsible for strain 

specific differences in neuropathology are not known.   

Prion strains were initially identified by the characteristic intensity of 

spongiform degeneration in different regions of the CNS (Fraser & Dickinson, 

1968; Fraser & Dickinson, 1973).  It was subsequently demonstrated that the 

anatomical distribution of PrPSc deposition in the CNS differs between prion 

strains in rodents (Bessen & Marsh, 1994; DeArmond et al., 1997; Hecker et al., 

1992).  It is not known if neuronal susceptibility to prion infection is responsible 
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for prion strain targeting; however, more than one prion strain can infect a given 

brain nucleus (DeArmond et al., 1993).   

Initial evidence for prion spread along specific neuroanatomical pathways 

was derived from experiments using intraocular inoculation.  The results from 

that study indicated that the temporal and spatial detection of spongiform 

degeneration was consistent with prion transport along the retinotectal pathway 

(Fraser, 1982).  Subsequent studies with hamsters, employing a variety of 

peripheral routes of prion infection, all came to the same conclusion: prions were 

preferentially transported along defined neuroanatomical pathways (Bartz et al., 

2002; Bartz et al., 2003; McBride et al., 2001).  While it is clear that PrPSc is 

selectively transported via neuoroanatomical routes, it is not known if strain-

specific transport along neuroanatomical tracts underlies the characteristic 

differences in the localization of PrPSc between prion strains.   

To further investigate the mechanisms of strain-specific differences in 

distribution of PrPSc upon development of clinical disease, hamsters were 

inoculated in the sciatic nerve with either the hyper (HY) or drowsy (DY) strain of 

the transmissible mink encephalopathy (TME) agent and examined the spread of 

PrPSc from this common site of infection.  It was determined that both TME 

strains are transported via the same four descending motor tracts of the CNS, 

suggesting that strain-specific differences in axonal transport do not exclusively 

determine prion strain targeting.  Additionally, no populations of neurons that are 

resistant to TME infection were identified, suggesting that strain-specific 

differences in neuronal susceptibility to prion infection do not fully explain strain 
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targeting.  One possible explanation for these results is that the strain-specific 

distribution of PrPSc upon development of clinical disease is determined by the 

length of time PrPSc transsynaptically spreads before the death of the host.  
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3.2 RESULTS 

3.2.1 Initial DY and HY PrPSc spread from the sciatic nerve   

 To determine the initial deposition of DY and HY PrPSc following sciatic 

nerve inoculation, the DRG, sympathetic ganglia, and lumbar spinal cord were 

analyzed by PrPSc immunohistochemistry. DY PrPSc was first detected in lamina 

IX of the lumbar spinal cord associated with ventral motor neurons (VMNs) at 70 

days post-infection (p.i.) ipsilateral to the side of DY TME agent inoculation of the 

sciatic nerve, and immunoreactivity increased over time (Figure 3.2, Panels B 

and F). DY PrPSc deposition at later timepoints p.i. was detected in laminae X of 

the lumbar spinal cord and also in the white matter surrounding the ventral horn 

of the lumbar spinal cord both ipsilateral and contralateral of the side of 

inoculation (Figure 3.2, Panel G).  Up to 70 days p.i., PrPSc was not detected in 

neurons of the DRG (Figure 3.1, Panel B), ipsilateral to the side of inoculation or 

in neurons of the sympathetic chain up to 63 days p.i. (Figure 3.1, Panel E).  

These results demonstrate the initial deposition of the DY PrPSc in lamina IX of 

the lumbar spinal cord, prior to deposition within neurons of the DRG or 

sympathetic ganglia following sciatic nerve inoculation with the DY TME agent. 

In animals inoculated with the HY TME agent, PrPSc was first detected in 

the sensory neurons of the DRG, 7 days p.i. ipsilateral to the side of inoculation 

(Figure 3.1, Panel C).  At 7 days p.i., PrPSc was not detected in the neurons of 

the sympathetic chain (Figure 3.1, Panel F) or VMNs of the lumbar spinal cord 

(data not shown).  As previously reported, the initial deposition of PrPSc in VMNs 

of the lumbar spinal cord was observed at 14 days post HY TME agent  
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Figure 3.1 Deposition of PrPSc in peripheral ganglia following sciatic nerve 

inoculation.  In mock-infected hamsters, PrPSc was not detected in DRG (A) or 

sympathetic ganglia (D).  At 70 days post DY TME inoculation, PrPSc was not 

detected in neurons of the DRG (B) nor in neurons of the sympathetic chain up to 

63 days p.i. (E).  In HY TME inoculated animals at 7 days p.i., PrPSc was 

detected in DRG neurons (C), while PrPSc was not detected in neurons of the 

sympathetic chain (F).  Scale bar: 50 µm 
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Figure 3.2  Deposition of PrPSc in the lumbar spinal cord following sciatic 

nerve inoculation.  PrPSc deposition in laminae IX of lumbar spinal cord at 21 

days post-HY TME inoculation (A) or 120 days post-DY TME inoculation (B).  No 

PrPSc immunoreactivity was detected in the lumbar spinal cord following mock 

inoculation in the sciatic nerve (C).  Schematic representations of HY PrPSc 

deposition at 14 days p.i. (18% of the total incubation period) (D) and at 28 days 

p.i. (36% of the total incubation period) (E). Schematic representations of DY 

PrPSc deposition at 70 days p.i. (32% of the total incubation period) (F) and at 111 

days p.i. (51% of the total incubation period) (G). 
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inoculation of the sciatic nerve, and PrPSc immunoreactivity increased over time 

(Figure 3.2, Panels A and D) (Bartz et al., 2007).  At subsequent time points p.i., 

HY PrPSc deposition was also detected in lamina X of the lumbar spinal cord and 

in the white matter surrounding the ventral horns of the lumbar spinal cord, 

ipsilateral to the side of inoculation (Figure 3.2, Panel E).  These data indicate 

that PrPSc detection in the DRG precedes PrPSc detection in both the sympathetic 

ganglia and the lumbar spinal cord following sciatic nerve inoculation with the HY 

TME agent. 

 

3.2.2 DY and HY PrPSc spread in the brain and brainstem following sciatic 

nerve inoculation  

 To investigate and compare the spread of two TME strains in the CNS, 

hamsters were inoculated in the sciatic nerve with either the DY or HY TME 

agent and tissues were examined at weekly intervals.  PrPSc accumulated in 

progressively more rostral CNS structures as the length of time p.i. increased 

(Tables 3.1 and 3.2).   

 In hamsters inoculated in the sciatic nerve with the DY TME agent, PrPSc 

was first detected bilaterally in the reticular formation of the medulla 84 days after 

inoculation and increased in abundance by 139 days p.i. (Figure 3.3, Panel K, 

Table 3.1).  Beginning at 111 days p.i., DY PrPSc was detected ipsilaterally in the 

lateral vestibular nucleus and the interposed nuclei of the cerebellum, and it 

increased in abundance by 139 days p.i. (Figure 3.3, Panel H, Table 3.1).  At 127 

days p.i., DY PrPSc was detected bilaterally in the ventrolateral part of the red  
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Figure 3.3.  PrPSc deposition in hind limb motor cortex, red nucleus, lateral 

vestibular nucleus, and reticular formation following DY or HY TME agent 

inoculation of the sciatic nerve.  Nissl stain (A) at low power of the 

contralateral hind limb motor cortex revealing the cortical layers of the hind limb 

and lateral agranular cortex.  PrPSc immunostaining in cortical layers four (IV), 

five (V), and six (VI) of the contralateral hindlimb motor cortex located in a similar 

area to the boxed region in Panel A at 139 days post DY TME inoculation (B) and 

56 days post HY TME inoculation (C).  Nissl stain (D) of mesencephalon with 

both red nuclei outlined with dashed lines.  PrPSc immunostaining of the 

mesencephalon at 139 days post DY TME inoculation (E) and 42 days post HY 

TME inoculation (F).  Note that at these time points postinfection, the majority of 

PrPSc immunoreactivity is confined to the ventrolateral portion of the contralateral 

red nucleus.  Low power image of a nissl-stained section (G) of the ipsilateral 

pons with the lateral vestibular nucleus (LVN) outlined with dashed lines.  PrPSc 

immunostaining on neurons of the LVN located in a similar area to the boxed 

region in Panel G at 139 days post DY TME inoculation (H) and 42 days post HY 

TME inoculation (I).  Low power image of a nissl-stained (J) section of the 

medulla showing the reticular formation outlined with dashed lines. PrPSc 

immunostaining on the gigantocellular reticular neurons located in a similar area 

to the boxed region in Panel J at 139 days post DY TME inoculation (K) and at 

56 days post HY TME inoculation (L).  Abbreviations: 4V, fourth ventricle; 7N, 

facial nucleus; Py, pyramidal tract.  Scale bars: 100 µm.
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Table 3.1  Temporal and spatial distribution of PrPSc in the brain and brainstem following 

sciatic nerve inoculation with the DY TME agent.   

 
Days postinfectiona 

CNS region 77 84 111 127 139 
Medulla - Pons      
    Reticular formation 0 +d ++ +++ ++++ 
    Lateral vestibular nucleus 0 0 +b ++ ++++ 
Cerebellum      
    Interposed nucleus 0 0 +b ++ +++ 
Mesencephalon      
    Red nucleus nd 0 0 ++ ++++ 
Diencephalon      
    Reticular thalamic nucleus nd 0 0 +c,d +++ 
    Ventroposterior thalamic 
nucleus  nd 0 0 +c,d ++ 

Telencephalon      
    Hindlimb cortex nd 0 0 ++ +++ 

 

a Relative intensities of PrPSc immunostaining: 0, none; +, rare; ++, weak; +++, moderate; ++++, heavy. 
b Asymmetrical staining pattern ipsilateral to inoculation site. 
 c Asymmetrical staining pattern contralateral to inoculation site. 
d Result is for one of three animals.  

nd, not done
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Table 3.2  Temporal and spatial distribution of PrPSc in the brain and brainstem following 

sciatic nerve inoculation with the HY TME agent.   

 
Days postinfectiona 

CNS region 21 28 35 42 49 56 
Medulla - Pons       
    Reticular formation 0 0 + ++ +++ +++ 
    Lateral vestibular nucleusb 0 +c ++ +++ ++++ ++++ 
Cerebellum       
    Interposed nucleusb 0 0 +c ++ +++ +++ 
Mesencephalon       
    Red nucleusb 0 +d +d ++ +++ +++ 
Diencephalon       
    Reticular thalamic nucleusb 0 0 0 +d,e ++d ++d 
    Ventroposterior thalamic 
nucleusb  0 0 0 0 ++d ++d 

Telencephalon       
    Hindlimb cortexb 0 0 0 0 ++d +++ 

 

a Relative intensities of PrPSc immunostaining: 0, none; +, rare; ++, weak; +++, moderate; ++++, heavy. 
b Structure was previously reported to be PrPSc positive.  
c Asymmetrical staining pattern ipsilateral to inoculation site. 
d Asymmetrical staining pattern contralateral to inoculation site. 
e PrPSc was detected in one of three animals examined
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nucleus and in layers IV-VI of the hindlimb motor cortex (Table 3.1).  In one of 

the three animals killed 127 days p.i., there was weak staining for DY PrPSc in the 

contralateral reticular and ventroposterior nuclei of the thalamus (Table 3.1).  

Compared to the ipsilateral side, the staining was notably more abundant in the 

contralateral red nucleus, the contralateral thalamus and the contralateral cortex 

at both 127 and 139 days p.i. (Figure 3.3, Panel B, Panel E, data not shown).  

Each of the PrPSc-positive structures contains neurons that give rise to axons 

that form the descending motor tracts, or in the case of the interposed nucleus of 

the cerebellum, receives a collateral branch from a descending motor axon 

(Huisman et al., 1983).  The staining in the thalamus is likely due to transsynaptic 

spread of PrPSc from cortical neurons, similar to what has been reported 

previously following HY TME agent sciatic nerve inoculation (Bartz et al., 2002).  

Thus, DY PrPSc appears to be selectively transported retrogradely up the axons 

of the reticulospinal tract, the vestibulospinal tract, the rubrospinal tract and the 

corticospinal tract following sciatic nerve inoculation (Figure 3.4). 

 PrPSc immunohistochemistry analysis was performed on the brain and 

brainstem of hamsters inoculated in the sciatic nerve with the HY TME agent to 

confirm and extend previous findings (Bartz et al., 2002).  The temporal and 

spatial spread of PrPSc to the lateral vestibular nucleus, interposed nucleus, red 

nucleus, thalamic nuclei, and the hindlimb motor cortex is consistent with the 

retrograde transport of the HY TME agent along the vestibulospinal tract, the 

rubrospinal tract, and the corticospinal tract, as reported previously (Figure 3.3, 

Panels, C, F, and I) (Bartz et al., 2002).  In addition, HY PrPSc was identified  
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Figure 3.4  The DY and HY TME agents are selectively transported along 

four descending motor tracts following sciatic nerve inoculation.  Infection 

of VMNs of the lumbar spinal cord results in retrograde transport of both the DY 

and HY TME agents via the corticospinal, rubrospinal, vestibulospinal and 

reticulospinal descending motor tracts.  Abbreviations: reticular formation (RF), 

lateral vestibular nucleus (LVN), red nucleus (RN), hind limb motor cortex (MC), 

dorsal root ganglia (DRG). 
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bilaterally in the reticular formation of the medulla beginning at 35 days p.i. and 

increased in intensity at later time points p.i. (Figure 3.3, Panel L), which has not 

been reported previously (Bartz et al., 2002).  HY PrPSc appears to be 

retrogradely transported up the reticulospinal tract, identical to what was seen for 

DY PrPSc following sciatic nerve inoculation (Figure 3.4).  HY and DY TME PrPSc 

accumulated in the same structures within the spinal cord, brainstem, and brain, 

consistent with retrograde axonal transport via the same four descending motor 

tracts (Tables 3.1 and 3.2; Figures 3.3 and 3.4). 

 

3.2.3 Rate of DY and HY PrPSc spread   

 In hamsters inoculated with the DY TME agent, the rates of spread from 

the inoculation site in the sciatic nerve to ventral motor neurons in the lumbar 

spinal cord, the lateral vestibular nucleus, the red nucleus and the hind limb 

motor cortex were 0.92, 1.43, 1.00 and 1.03 mm/day respectively with an 

average rate of spread of 1.10±0.11 mm/day (Table 3.3).  This rate of spread is 

significantly slower (p<0.01) than the rate of PrPSc spread to the same structures 

in HY TME agent-infected hamsters (Table 3.3).   

 

3.2.4 DY and HY PrPSc distribution in the brain and brainstem at terminal 

disease following sciatic nerve or intracerebral inoculation   

The patterns of PrPSc distribution in HY and DY TME agent-infected 

animals following sciatic nerve inoculation are different at the onset of clinical 

signs (67±3 and 235±2 days respectively) (Table 3.4).  PrPSc was detected in  



 94 

Table 3.3  Strain-specific rate of prion spread from the site of inoculation to 

CNS structures.  

 
Rate of spread from sciatic nerve inoculation site to 

structure (mm/day)  

Strain 
Ventral motor 

neurons 

Lateral 
vestibular 
nucleus 

Red 
nucleus 

Hind limb 
motor 
cortex Mean 

DY TME 0.92 1.43 1.00 1.03 1.10±0.11a 
HY TME 4.61 4.29 4.52 3.12 4.14±0.35b 

 

a Average ± standard error of the mean 
b Significantly different (p<0.01) than average rate of DY PrPSc spread.  
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every structure examined at the onset of clinical signs in the DY TME agent-

infected hamsters (Table 3.4).  The pattern of PrPSc deposition at the onset of 

clinical signs in the HY TME agent-infected hamsters was more restricted 

compared to that observed in hamsters inoculated with the DY TME agent (Table 

3.4).  Specifically, PrPSc was not detected in the hippocampus or select white 

matter structures of hamsters inoculated with the HY TME agent (Figure 3.5, 

Panels B and E; Table 3.4).  PrPSc immunoreactivity was detected as coarse 

punctate deposits throughout the hippocampus and white matter upon 

development of clinical disease following i.c. inoculation with the HY TME agent 

(Figure 3.5, Panels C and F), indicating that the lack of HY PrPSc 

immunoreactivity following sciatic nerve inoculation is not due to an inherent 

inability of the HY TME agent to replicate in these structures.   
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Table 3.4  Presence of PrPSc in the brain and brain stem at clinical 

disease following sciatic nerve inoculation with the HY or DY TME 

agents.   

CNS Region HY TME DY TME 
Brain Stem   
   Trigeminal motor nucleus +a + 
   Trigeminal principal sensory 
nucleus 

+ + 

   Facial motor nucleus + + 
   Hypoglossal nucleus + + 
   
Forebrain   
   Hippocampus   
      Dentate gyrus 0b + 
      Hippocampus proper 0 + 
      Subiculum 0 + 
   Thalamus + + 
   Hypothalamus + + 
   
White matter   
   Cerebellar white matter + + 
   Corpus callosum 0 + 
   Anterior commissure 0 + 
   Cingulum 0 + 
   External capsule 0 + 

 

a Present 
b Absent   
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Figure 3.5  Regional deposition of HY PrPSc is influenced by the route of 

infection.  In mock-infected hamsters, PrPSc was not detected in the 

hippocampus (A) and corpus callosum (D).  PrPSc is not detected in the 

hippocampus (B) and corpus callosum (E) of hamsters inoculated in the sciatic 

nerve with the HY TME agent at clinical disease in contrast to hamsters 

inoculated with the HY TME agent intracerebrally where PrPSc is present as 

coarse punctate deposits in both structures (C and F).  Abbreviations: field CA3 

of hippocampus (CA3), polymorphic layer of dentate gyrus (PoDG), cerebral 

cortex (CX), corpus callosum (CC), stratum oriens (SO).  Scale bars: 100 µm.   
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3.3 DISCUSSION 

 This study is the first to compare the routes of spread of two prion strains 

over time.  Two prion strains were inoculated into the same peripheral target, the 

sciatic nerve, to test the hypothesis that the characteristic neuropathology of 

prion strains is due to strain-specific transport along different neuroanatomical 

tracts.  Interestingly, both TME strains were transported to the same structures 

through the majority of their incubation periods.  The subtle temporal differences 

of initial PrPSc detection in certain CNS structures between the TME strains does 

not alter the conclusion that HY and DY TME are both transported along the 

same four descending motor tracts.  At later time points p.i., widespread PrPSc 

deposition resulted in an inability to unequivocally determine which 

neuroanatomical pathway was used.  As a consequence, the possibility cannot 

be excluded that the two TME strains use different pathways at late time points 

p.i.. 

 Retrograde centripetal prion transport appeared to be the primary mode of 

prion spread through the majority of the incubation period.  Through the majority 

of the incubation period of both the HY and DY TME infections, PrPSc was 

detected only in nuclei of the origin of the descending motor tracts (Tables 3.1 

and 3.2; Figure 3.3 and 3.4).  During this same time period there was no 

evidence of PrPSc deposition in structures associated with anterograde transport 

along ascending sensory pathways.  This observation suggests that HY PrPSc 

located in dorsal root ganglia neurons has a decreased capacity to be 

anterogradely (versus retrogradely) transported (Figure 3.3 and data not shown).  
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The observed initial exclusive retrograde transport of HY and DY PrPSc extends 

and confirms observations in other studies that examined the early spread of 

prions (Bartz et al., 2002; Bartz et al., 2003; McBride et al., 2001; van Keulen et 

al., 2000).  It is not known if the preference for retrograde spread of PrPSc is due 

to specific directional transport along axons or to selective directional transport 

across synapses.  However, the observed specificity of prion transport via 

descending motor tracts and strain-specific rates of spread suggest that initial 

centripetal prion transport is not passive diffusion along axons or 

oligodendrocytes (Prinz et al., 2004).  Detection of PrPSc in structures that are 

consistent with anterograde transport has been observed only just prior to or 

during the clinical phase of disease (Bartz et al., 2002; Thomzig et al., 2004a; 

Thomzig et al., 2007).  The reason for this observation is not known; however it is 

possible that i) the neurons responsible for centripetal spread are not infected 

until later time points p.i., ii) anterograde prion transport is the result of passive 

diffusion along axons or iii) anterograde transport occurs only after agent 

replication reaches a certain level.   

 The results presented herein do not support a hypothesis that differential 

susceptibility of neuronal populations to prion replication determines prion strain 

targeting.  PrPSc was detected by immunohistochemistry in every structure 

examined upon development of clinical disease following sciatic nerve 

inoculation of the DY TME agent.  It is therefore reasonable to propose that 

refractory populations of neurons do not exist (Table 2.1 and 3.4).  While the vast 

majority of CNS structures are PrPSc positive in animals infected with either prion 
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strain, there are differences in PrPSc distribution observed at the onset of clinical 

signs.  The most notable difference is a lack of PrPSc in the hippocampus and 

select white matter structures following sciatic nerve inoculation with the HY TME 

agent (Table 3.4).  The lack of HY PrPSc in these structures cannot be due to an 

inability of the HY TME agent to replicate in these populations of neurons, since 

these structures are PrPSc positive following i.c. inoculation (Figure 3.5) (Bessen 

& Marsh, 1994).  Cumulatively, the results indicate that there are no neuronal 

populations within the CNS that are specifically refractory to certain strains of 

prions.  Interestingly, the lack of DY PrPSc deposition in neurons of the DRG 

following DY TME inoculation may suggest strain-specific tropism in peripheral 

ganglion neurons (Figure 3.1).  This will be explored further in Chapter 5.   

 The observed strain-specific differences in PrPSc deposition upon 

development of clinical disease may be due to the length of time that PrPSc has 

to spread in the CNS before the host succumbs.  We propose it is likely that the 

more widespread distribution of PrPSc in hamsters inoculated with the DY TME 

agent than those inoculated with the HY TME agent is because the DY TME 

agent requires more time than the HY TME agent to reach and/or destroy the 

areas responsible for the onset of clinical disease (i.e., clinical target areas 

[CTAs]) (Kimberlin et al., 1987a; Kimberlin & Walker, 1986; Kimberlin & Walker, 

1988).  In this scenario, the host succumbs to disease (i.e. the CTAs are 

destroyed) prior to the spread of the HY TME agent to the hippocampus and 

white matter areas.  Therefore, strain targeting may be better defined as the time 

at which the CTAs are infected and destroyed.  It is this outcome that may 
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influence the distribution and intensity of neuropathological changes upon 

development of clinical disease. 
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CHAPTER IV : THE STRAIN-ENCODED RELATIONSHIP BETWEEN PRPSC 

REPLICATION, STABILITY AND PROCESSING IN NEURONS IS PREDICTIVE OF THE 

INCUBATION PERIOD OF DISEASE 

 

4.1 BACKGROUND 

 Prion diseases are a group of transmissible, inevitably fatal 

neurodegenerative diseases, which include Creutzfeldt-Jakob disease in 

humans, bovine spongiform encephalopathy in cattle, and scrapie in sheep.  The 

prion agent is comprised mainly, if not entirely of PrPSc, an abnormal isoform of 

the host encoded prion protein, PrPC (Castilla et al., 2005; Deleault et al., 2007; 

Prusiner, 1991; Wang et al., 2010).  Prion replication is thought to occur in a two-

step process where PrPSc first binds to PrPC followed by the conformational 

conversion of PrPC to PrPSc (Prusiner et al., 1990; Weissmann, 1991).  This 

conversion also results in a change in physical properties of PrPC that include an 

increase in β-pleated sheet content, decreased solubility in non-denaturing 

detergents, and increased resistance to proteolytic degradation (Caughey et al., 

1991; Pan et al., 1993; Prusiner et al., 1982a; Safar et al., 1993b). 

 Prion strains are operationally defined by characteristic incubation periods 

and neuropathological features that are maintained upon experimental passage 

(Fraser & Dickinson, 1968).  The distribution of PrPSc in organs, neuronal 

populations, and cell types can differ between strains, suggesting that PrPSc can 

have a distinct strain-specific cellular tropism (Bartz et al., 2004; Bessen & 

Marsh, 1994; Caughey et al., 1998; DeArmond et al., 1997; Mahal et al., 2007; 
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Telling et al., 1996).  The initial uptake of PrPSc by different cell-lines, however, 

appears to be independent of the particular strain (Greil et al., 2008; Magalhaes 

et al., 2005) and suggests that strain-specific cellular factors are responsible for 

prion strain tropism (Karapetyan et al., 2009; Mahal et al., 2007).  However, this 

has not been confirmed in vivo (Ayers et al., 2009). 

 Prion strain diversity may be encoded by unique strain-specific 

conformations of PrPSc (Bessen & Marsh, 1994; Caughey et al., 1998; Kascsak 

et al., 1986; Legname et al., 2006; Safar et al., 1998; Telling et al., 1996).  

Consistent with this, strain specific differences in the molecular weight of PrPSc 

following limited PK digestion, the relative resistance of PrPSc to degradation by 

PK, the alpha helical and beta sheet content of PrPSc, and the resistance of PrPSc 

to PK digestion in increasing concentrations of a protein denaturant (i.e. 

conformational stability), and the aggregation state of PrPSc have been observed 

(Bessen & Marsh, 1992a; Bessen & Marsh, 1992b; Bessen & Marsh, 1994; 

Caughey et al., 1998; Peretz et al., 2001).  The mechanisms underlying the 

connection between PrPSc conformation and its effects on prion strain properties 

are poorly understood (Bartz et al., 2005; DeArmond et al., 1993; Mahal et al., 

2007). 

 The relationship between the conformational stability of PrPSc and the 

length of the incubation period of disease between prion strains in mice and 

hamsters has been determined experimentally and appears to be contradictory.  

In murine models of prion disease, a decrease in the conformational stability of 

PrPSc correlates with a corresponding decrease in the incubation period and has 
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been observed between different strains and during prion adaptation of synthetic 

prions (Colby et al., 2009; Legname et al., 2006).  An explanation for this 

observation is that decreasing the stability of PrPSc increases PrPSc 

fragmentation allowing for an increase in agent replication that results in a 

correspondingly shorter incubation period (Masel et al., 1999; Silveira et al., 

2005; Tanaka et al., 2006).  Consistent with this, in yeast prion systems, a 

decrease in Sup35 fiber stability corresponds to an increased rate of fibril 

fragmentation (Kryndushkin et al., 2003; Tanaka et al., 2006).  These data are in 

direct contrast to what has been observed in hamster-adapted prion strains.  In 

these studies, short incubation period strains have PrPSc that is conformationally 

more stable compared to PrPSc from strains with a relatively longer incubation 

periods (Peretz et al., 2001).  These data suggest that in addition to 

fragmentation, PrPSc conformational stability may influence strain properties that 

would account for this discrepancy between mouse and hamster prion sources.  

However, a direct comparison between PrPSc replication rate and conformational 

stability has not been investigated.   

 Both the specific prion strain and the cell type infected influence the 

processing of PrPSc.  Studies of sheep infected with different prion strains, either 

naturally or experimentally, has identified that strain-specific patterns of PrPSc 

truncation occur in both neurons and glia (Gonzalez et al., 2002; Jeffrey et al., 

2003).  Within a given prion strain, the PrPSc truncation pattern can differ 

between glia and neurons suggesting that factors in addition to the conformation 

of PrPSc contribute to PrPSc truncation.  In prion-infected rodents, strain-specific 
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differences in the distribution of PrPSc have been identified in hamsters, but in 

mice PrPSc deposition in the somata of neurons is uncommon (Bruce et al., 1989; 

Sigurdson et al., 2010; Siso et al., 2002).  The mechanisms that underlie the 

capacity of neurons to process and clear PrPSc influences the outcome of 

disease is not known.   

 To better understand the relationship between PrPSc and prion strain 

properties, the susceptibility of PrPSc to endogenous proteolytic processing in 

vivo in several cell types was evaluated for eight hamster-adapted prion strains.  

The data indicate that short incubation period strains have a correspondingly 

higher intrasomal accumulation of PrPSc in neurons compared to long incubation 

period strains that exhibited somata of neurons that were free of PrPSc.  When 

taken together with biochemical data regarding the PrPSc conformational stability 

and replication efficiency from the eight hamster-adapted prion strains, these 

data suggest that a balance between agent replication and clearance may 

influence the progression of disease.  Further, a decrease in conformational 

stability of PrPSc, resulting in an increase in fibril fragmentation, may lead to an 

increase in PrPSc clearance in neurons. 
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4.2 Results 

4.2.1 Clearance of PrPSc from the soma of neurons corresponds with 

increased survival times.  Immunohistochemistry was performed on CNS 

tissue of hamsters infected with one of eight hamster-adapted prion strains 

(Table 4.1).  In vivo processing of PrPSc was determined by 

immunohistochemistry using a panel of six monoclonal anti-PrP antibodies 

whose epitopes span the length of the hamster PrP protein (Table 4.2).  

Immunohistochemistry using this panel of six anti-PrP antibodies on tissue 

sections containing red nucleus neurons from mock-infected animals failed to 

detect PrPSc, indicating the specificity of the antibodies for PrPSc (Figure 4.1).  In 

CNS tissue from animals infected with either the DY TME, 22AH, 22CH, ME7H, 

or 139H agents, PrPSc deposits were detected surrounding neurons and within 

the neuropil of the red nucleus with every antibody tested, suggesting the 

existence of full length PrPSc (Figure 4.2, Panels A-F; Figure 4.3, Panels M-JJ).  

The three antibodies whose epitopes are at the N-terminus of PrP, 8B4, BE12, 

and POM3, failed to detect PrPSc deposition within the somata of neurons (Figure 

4.2, Panels A-C; Figure 4.3).  The three antibodies, 3F4, 6H4, and POM19, 

whose epitopes are located toward the C-terminal region of PrP, occasionally 

identified PrPSc deposition within the soma of these neurons.  However, these 

PrPSc deposits appeared diffuse and faint compared to the PrPSc 

immunoreactivity in the neuropil (Figure 4.2, Panels D-F; Figure 4.3).  In DY TME 

agent infected hamsters, the detection of full-length PrPSc in the neuropil and the 

lack of intrasomal PrPSc deposits were also observed in VMNs of the lumbar 
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Table 4.1  Properties of hamster-adapted prion strains.   

 
 

 Incubation period 
(days) 

 
 

 

Strain i.c. i.sc.  Source Ref. 
HY TME 65±3 70±3  TME (Bessen & Marsh, 1992b) 

263K 61±3 72±3  Scrapie (Kimberlin & Walker, 1977) 
HaCWD 61±3 73±3  CWD (Bartz et al., 1998) 

22AH 136± 5 n.d.  Scrapie (Kimberlin et al., 1989) 
22CH 161±3 n.d.  Scrapie (Kimberlin et al., 1989) 
139H 159±3 198±3  Scrapie (Kimberlin et al., 1989) 

DY TME 170±4 235±3  TME (Bessen & Marsh, 1992b) 
ME7H 263±3 n.d.  Scrapie (Kimberlin et al., 1989) 

 
n.d. – not done  
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Table 4.2  Anti-PrP antibodies used for immunohistochemistry. 

 

Antibody Dilution Species a Region b Sequence c Ref. 
8B4 1:400 mouse N-terminal 35GSRYPGQGSPG45 (Yu et al., 2007) 

BE12 1:400 sheep N-terminal 23LCK……GGG90 (Manser et al., 2002) 
POM3 1:100 mouse C-terminal 95HNQWNK100 (Polymenidou et al., 2008) 
3F4 1:600 hamster C-terminal 109MKHM112 (Kascsak et al., 1987) 
6H4 1:400 human C-terminal 144DYEDRYYRE152 (Korth et al., 1997) 

POM19 1:400 mouse C-terminal 218YQKE221 (Polymenidou et al., 2008) 
 

a Species that anti-PrP antibody is generated against. 
b In relation to the proteinase K digestion site of HY PrPSc.   
c Prion protein sequence epitope.  
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Figure 4.1  Specificity of anti-PrP antibodies for PrPSc immunodetection in 

the CNS of hamsters.  PrPSc immunohistochemistry was performed on sections 

of Red nucleus of a mock-inoculated animal using the anti-PrP antibodies (A) 

8B4, (B) BE12, (C) POM 3, (D) 3F4, (E) 6H4, and (F) POM19 whose epitopes 

span from the N-terminal to C-terminal of PrP (Table 4.2).  Scale bar, 50 µm.   
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spinal cord and was irrespective of the route of inoculation or the time point after 

inoculation.  These data reveal similarities in the PrPSc deposition patterns 

among the long incubation period strains, and suggests that the truncation of at 

least the N-terminal epitopes, and at most the entire PrPSc protein, within the 

soma of neurons (Figure 4.10). 

 Immunohistochemistry using the same six antibodies to PrPSc was 

performed on red nucleus tissue collected from clinically-ill hamsters infected 

with the short incubation period strains, HY TME, 263K, and HaCWD.  Similar to 

the deposition pattern observed following infection with the long incubation period 

strains, coarse, granular, full length PrPSc deposits were detected in the neuropil 

of the red nucleus (Figure 4.2, Panels G-L; Figure 4.3, Panels A-L).  Within the 

soma of neurons, IHC using antibodies whose epitopes are located N-terminal of 

the known HY PK cleavage site failed to detect PrPSc immunoreactivity (Figure 

4.2, Panels G-H; Figure 4.3).  However, when using antibodies located C-

terminal to the PK cleavage site, intrasomal and perinuclear PrPSc deposition 

was detected (Figure 4.3, Panels I-L).  The detection of full length PrPSc in the 

neuropil and N-terminally truncated PrPSc in the soma of neurons was also 

observed in VMNs of the lumbar spinal cord from HY TME agent infected 

hamsters, and was irrespective of the route of inoculation or the time point after 

inoculation.  These data suggest the removal of N-terminal epitopes from PrPSc 

located within the soma of neurons from animals inoculated with the short 

incubation period strains (Figure 4.10). 
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Figure 4.2  Strain specific differences in the clearance of PrPSc in neurons 

of hamsters infected with either the DY or HY TME agents.  PrPSc 

immunohistochemistry was performed on the CNS from hamsters infected with 

either the DY (panels A-F) or the HY TME (panels G-L) agents.  PrPSc deposits 

are detected in the neuropil in hamsters infected with the long incubation period 

strain DY TME, however, PrPSc was rarely detected in the soma of neurons 

(panels A-F).  In hamsters infected with the short incubation period strain HY 

TME, PrPSc is detected in the neuropil with all antibodies used (panels G-L).  In 

contrast to the DY TME infected brain, HY PrPSc was detected in the soma of 

neurons with anti-PrP antibodies whose epitopes are C-terminal to the in vitro PK 

cleavage site (panels I-L).  The yellow region in the schematic insets in panel A 

depicts the location of the brain that was imaged for every panel.  The schematic 

at the bottom of the figure represents the location of the anti-PrP antibodies and 

the HY and DY PrPSc PK cleavage sites are depicted as solid and dashed lines, 

respectively.  Scale bar, 50 µm.   
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Figure 4.3  Intrasomal deposition of PrPSc in neurons is a property of short 

incubation period strains in hamsters.  PrPSc immunohistochemistry was 

performed on CNS tissue of hamsters at the clinical stage of disease following 

infection with either the 263K (A-F), HaCWD (G-L), 22AH (M-R), 22CH (S-X), 

139H (Y-DD), or ME7H (EE-JJ) agents using the anti-PrP antibodies 8B4 (A, G, 

M, S, Y, EE), BE12 (B, H, N, T, Z, FF), POM 3(C, I, O, U, AA, GG), 3F4 (D, J, P, 

V, BB, HH), 6H4 (E, K, Q, W, CC, II) or POM 19 (F, L, R, X, DD, JJ).  The 

schematic at the bottom of the figure represents the location of the anti-PrP 

antibodies and the HY and DY PrPSc PK cleavage sites are depicted as solid and 

dashed lines, respectively.  Scale bar, 50 µm.   
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4.2.2 Truncation of HY PrPSc within the soma of neurons.  The failure to 

detect the N-terminal portion of PrPSc in the soma of neurons may be due to the 

fact that the particular neurons examined contained little or no intrasomal PrPSc.  

To investigate this possibility, serial sections of red nucleus from clinically-ill HY 

TME infected hamsters were processed using either the BE12 or POM3 

antibodies whose epitopes are N-terminal and C-terminal to the HY PrPSc PK 

cleavage site, respectively.  To increase the likelihood that the same neurons 

were analyzed in both sections, fiduciary marks such as blood vessels and white 

matter tracts were used.  The BE12 antibody detected punctate HY PrPSc 

deposits in the neuropil and perineuronally in the red nucleus but failed to detect 

intrasomal PrPSc (Figure 4.4, Panel A).  However, the POM3 antibody detected 

coarse intrasomal PrPSc deposits in the same three neurons (Figure 4.4, Panel B, 

arrowheads).  Additionally, the intrasomal PrPSc formed large perinuclear 

aggregates (Figure 4.4, Panel B).  This demonstrates that the loss of N-terminal 

epitopes of PrPSc and the aggregation of the C-terminal PrPSc fragments occurs 

within the same neuron. 

 

4.2.3 Processing of PrPSc in astrocytes and microglia is similar between 

strains.  The deposition of PrPSc in astrocytes and microglia was investigated 

using the same panel of anti-PrP antibodies in combination with anti-GFAP and 

anti-Iba-1, respectively.  As negative controls, PrPSc immunoreactivity was not 

detected in mock-infected animals (Figure 4.5, Panels A-F).  Additionally, non-

specific binding of the monoclonal antibodies or the fluorescently conjugated  
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Figure 4.4  Truncation of the N-terminus of HY PrPSc within neurons.  PrPSc 

immunohistochemistry was performed on serial sections with either an anti-PrP 

antibody whose epitope is either A) N-terminal (BE12) or B) C-terminal (POM3) 

to the HY PrPSc PK cleavage site.  Arrows indicate neurons in common to panels 

A and B.  The yellow region in the schematic insets depicts the location of the 

brain that was imaged in each panel.  Abbreviations: b.v., blood vessels; w.m., 

white matter.  Scale bar, 50 µm. 



 119 

secondary antibodies was not detected (Figure 4.5; Panels G-L).  To determine 

the location of astrocyte or microglia-associated PrPSc, confocal images of 1µm 

optical slices were obtained and signal intensities of either GFAP or Iba-1, and 

PrPSc were examined at a particular point in the image (Figure 4.5, Panels M-P).  

 In hamsters infected with the DY TME agent, the anti-PrP antibodies 8B4, 

BE12, and POM3 failed to detect PrPSc within astrocytes (Figure 4.6, Panels A-

C), while the antibodies 3F4, 6H4, and POM19 detected coarse punctate PrPSc 

deposits in the somata of astrocytes (Figure 4.6, Panels D-F).  In hamsters 

infected with the HY TME agent, only the anti-PrP antibodies POM3, 3F4, 6H4, 

and POM19 detected PrPSc within the somata of astrocytes, while the antibodies 

8B4 and BE12 failed to detect intrasomal PrPSc (Figure 4.6, Panels G-L).  The 

same PrPSc truncation pattern detected in astrocytes of HY TME infected animals 

was also observed in animals infected with the 263K, HaCWD, 22AH, 22CH, 

139H or ME7 agents (Figure 4.7 and 4.10).  In microglia of all strains examined, 

the anti-PrP antibodies 8B4 and BE12 failed to detect PrPSc in microglia somata, 

while the anti-PrP antibodies POM3, 3F4, 6H4, and POM19 detected coarse 

punctate PrPSc deposits within microglia (Figures 4.8, 4.9 and 4.10).  
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Figure 4.5  Specificity of immunolabeling and criteria of immunolabel co-

localization.  PrPSc immunofluorescence was performed on the reticular 

formation of a negative control mock-inoculated animal using the anti-PrP 

antibodies (A) 8B4, (B) BE12, (C) POM 3, (D) 3F4, (E) 6H4, or (F) POM19 and 

antibodies directed against (G) GFAP or (H) Iba-1.  Non-specific binding of the 

monoclonal antibodies or fluorescently conjugated secondary antibodies was 

discounted by switching the appropriate secondary antibodies for (I, K) PrP, (J) 

GFAP, or (L) Iba-1.  To determine co-localization of PrPSc within astrocytes using 

confocal microscopy, a 1 µm optical slice was analyzed by drawing a line through 

the merged image (K) and analyzing the relative fluorescence intensities of 

GFAP (green) and PrPSc (red) along the length of the line (K).  The solid white 

circle located in the schematic inset is the location of the photographed images 

within the reticular formation. Scale bar, 10 µm. 
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Figure 4.6  Strain-specific truncation of PrPSc in astrocytes of hamsters 

infected with either the DY or HY TME agents.  Dual immunofluorescence was 

performed on brain of DY TME (panels A-F) or HY TME (panels G-L) infected 

animals using antibodies directed against PrP (red fluorescence) and GFAP 

(green fluorescence).  Dual PrP/GFAP immunofluorescence was performed on 

the reticular formation from DY TME (A-F) or HY TME (G-L) agent infected 

hamsters at the clinical stage of disease.   The solid white circle located in the 

schematic inset is the location of the photographed images within the reticular 

formation. The schematic at the bottom of the figure represents the location of 

the anti-PrP antibodies and the HY and DY PrPSc PK cleavage sites are depicted 

as solid and dashed lines, respectively.  The HY and DY PrPSc PK cleavage sites 

are also depicted as the solid and dashed lines respectively.  Scale bar, 10 µm. 
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Figure 4.7  Similarity of N-terminal truncation of PrPSc between hamster-

adapted strains in astrocytes.  Dual fluorescence PrPSc / GFAP 

immunohistochemistry was performed on CNS tissue of hamsters at the clinical 

stage of disease following infection with either the 263K (A-F), HaCWD (G-L), 

22AH (M-R), 22CH (S-X), 139H (Y-DD), or ME7H (EE-JJ) agents using the anti-

PrP antibodies 8B4 (A, G, M, S, Y, EE), BE12 (B, H, N, T, Z, FF), POM 3(C, I, O, 

U, AA, GG), 3F4 (D, J, P, V, BB, HH), 6H4 (E, K, Q, W, CC, II) or POM 19 (F, L, 

R, X, DD, JJ).  The schematic at the bottom of the figure represents the location 

of the anti-PrP antibodies and the HY and DY PrPSc PK cleavage sites are 

depicted as solid and dashed lines, respectively.  Scale bar, 50.  
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Figure 4.8  Identical processing of PrPSc in microglia of hamsters infected 

with either the DY or HY TME agents.  Double immunofluorescence was 

performed using antibodies directed against PrP (red fluorescence) and Iba-1 

(green fluorescence).  (A-F) Immunofluorescence in the reticular formation of DY 

TME infected hamsters at the clinical stage of disease.  (G-L) 

Immunofluorescence in the reticular formation of HY TME infected hamsters at 

the clinical stage of disease.  The solid white circle located in the schematic inset 

is the location of the brain that was imaged in each panel.  The schematic at the 

bottom of the figure represents the location of the anti-PrP antibodies and the HY 

and DY PrPSc PK cleavage sites are depicted as solid and dashed lines, 

respectively.  Scale bar, 10 µm.   
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Figure 4.9  Processing of PrPSc in microglia is not strain-specific.  Dual 

fluorescence PrPSc / Iba-1 immunohistochemistry was performed on CNS tissue 

of hamsters at the clinical stage of disease infected with either the 263K (A-F), 

HaCWD (G-L), 22AH (M-R), 22CH (S-X), 139H (Y-DD), or ME7H (EE-JJ) agents 

using the anti-PrP antibodies 8B4 (A, G, M, S, Y, EE), BE12 (B, H, N, T, Z, FF), 

POM 3(C, I, O, U, AA, GG), 3F4 (D, J, P, V, BB, HH), 6H4 (E, K, Q, W, CC, II) or 

POM 19 (F, L, R, X, DD, JJ).  The schematic at the bottom of the figure 

represents the location of the anti-PrP antibodies and the HY and DY PrPSc PK 

cleavage sites are depicted as solid and dashed lines, respectively.  Scale bar, 

50.   
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Figure 4.10  The relationship between PrPSc deposition in neurons is 

predictive of the incubation period of disease.  The prion strains were 

grouped according to commonalities in incubation period and PrPSc truncation 

profile in neurons and glia. N.S. – neuronal somata. 
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4.3 DISCUSSION 

 Strain and cell-specific variations in the proteolytic processing of 

PrPSc have been observed in brain tissue and cultured cells, and suggest 

differences in the susceptibility of PrPSc conformers to enzymatic digestion and 

the endosomal-lysosomal compartments within different cell types (Chen et al., 

1995; Dron et al., 2010; Jeffrey et al., 2003; Jimenez-Huete et al., 1998; 

Yadavalli et al., 2004).  Our results support these findings and demonstrate a 

correlation between the extent of truncation within neurons and the strains’ 

respective incubation periods.  The shorter incubation period strains, HY TME, 

263K, and HaCWD, had a longer portion of their C-terminal protein intact and 

strong, punctate deposition of PrPSc within the soma of neurons when compared 

to the longer incubation period strains. However, this strain-specific truncation 

pattern was only observed in neurons, as the epitope mapping profiles within 

astrocytes and microglia were the same for all strains examined, with the 

exception of the truncation of the DY TME POM3 epitope within astrocytes.  

Though processing of PrPSc appears to be the cause for the loss of epitope 

immunoreactivity (Figure 4.8), we cannot exclude the possibility of strain and cell-

specific trafficking of PrPSc out of the cell, or to the cell surface (Jeffrey et al., 

2009b).  Increasing evidence suggests replication and accumulation of PrPSc 

within neurons is essential for prion neurotoxicity (Diedrich et al., 1991a; Mallucci 

et al., 2003; Race et al., 1995). Therefore, the extent of a strains’ PrPSc 

truncation and its susceptibility to proteolytic degradation within the soma of 

neurons may reflect its overall neurotoxicity in the CNS.  
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 PMCA was utilized to test the hypothesis that the rate of PrPSc replication 

varies between strains.  While testing the amplification efficiency of eight 

hamster-adapted prion strains, two groups of strains emerged based on PrPSc 

amplification (data not shown).  Interestingly, the efficiency of PrPSc amplification 

correlated with the strains’ respective incubation periods.  The faster replicating 

strains had a generally shorter incubation period than did the slower replicating 

strains (data not shown).  This supports a previous study in which a faster rate of 

HY PrPSc synthesis was observed when compared to the rate of DY PrPSc 

synthesis using a cell-free conversion assay (Mulcahy et al., 2004).  These data 

reveal differences in the efficiency of PrPSc replication betwen strains.  

Additionally, the replication efficiency of PrPSc for a given strain may have an 

impact on the progression of disease. 

 A decrease in the conformational stability of PrPSc correlates with an 

increase in the incubation period of disease.  When subjecting PrPSc from 

multiple hamster-adapted prion strains to proteolytic digestion following treatment 

with increasing concentrations of either SDS detergent or GdnHCl, differences in 

the conformational stability were revealed (data not shown).  An inverse 

correlation between the strains’ incubation period and PrPSc stability was 

observed.  Strains with a more stabile population of PrPSc had a generally shorter 

incubation period than did the strains with a less stabile population of PrPSc (data 

not shown).  These data support a previous study in demonstrating a similar 

trend when subjecting purified PrPSc, from many of the same hamster-adapted 

prion strains used in this study, to protease digestion following treatment in 
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increasing concentrations of GdnHCl (Peretz et al., 2001).  However, the 

mechanisms by which SDS and GdnHCl denature PrPSc are largely unknown.  

 Taken together, these results demonstrate that PrPSc from short 

incubation period strains replicate more efficiently, are more conformationally 

stabile, and are less susceptible to intraneuronal PrPsSc processing than PrPSc 

from strains with long incubation periods.  Studies of the properties of fibrils from 

a variety of protein-misfolding disorders have revealed that less stable fibrils 

have a higher propensity to undergo fragmentation, thereby creating new seeds 

for further replication (Lee et al., 2007; Sun et al., 2008; Xue et al., 2009; 

Yonetani et al., 2009; Zhou et al., 2009).  This concept is supported in murine 

models of prion disease in which a decrease in the conformational stability of 

PrPSc correlates with a corresponding decrease in the incubation period (Colby et 

al., 2009; Legname et al., 2006).  However, this contradicts the relationship 

between PrPSc conformational stability and incubation period for hamster-

adapted prion strains presented in this study.  These opposing studies highlight 

the uncertainty that exists concerning the action of protein denaturants used in 

the conformational stability assay.  It remains to be seen how PrPSc stability 

measured by this assay correlates with the propensity for PrPSc to fragment.  

 It has been suggested that the size of prion particles or aggregates have 

an effect on its converting activity (Silveira et al., 2005).  The possibility exists 

that the conformational stability assay measures strain-specific differences in 

aggregation, rather than PrPSc stability and its susceptibility to fragmentation 

(Tzaban et al., 2002).  One interpretation of the data presented here is that 
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differences in the aggregate size of PrPSc between strains account for the 

variability in replication efficiency and infectivity (Tixador et al., 2010).  Secondly, 

increased fragmentation or disaggregation of PrPSc may make it more 

susceptible to proteolytic clearance (Riesner et al., 1996; Silveira et al., 2005).  

This would account for the lack of intraneuronal PrPSc deposition observed for 

the less conformationally stable, long incubation period strains.  

 The results presented here suggest that prion pathogenesis and strain 

tropism are attributed to a critical balance between PrPSc replication and 

clearance within cells of the CNS.  If PrPSc is indeed the toxic component of 

these diseases, it is reasonable to think that the susceptibility of a neuron to 

infection and subsequent cell death are dependent on the replication efficiency of 

PrPSc within that cell, and the cell’s ability to deplete PrPSc from its soma. These 

data also suggest that the conformational stability of PrPSc for a given strain 

influences strain properties.  However, much work needs to be done to elucidate 

the mechanistic details of PrPSc replication and proteolytic processing, and how 

the conformational heterogeneity of prion strains affects these processes. 
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CHAPTER V: DIFFERENTIAL PRION STRAIN TROPISM IN PERIPHERAL NEURONS 

 

5.1 BACKGROUND 

 Prion diseases are a group of fatal neurodegenerative disorders of 

animals including humans.  The infectious agent is comprised of PrPSc a 

misfolded isoform of the non-infectious host encoded protein PrPC (Castilla et al., 

2008; Deleault et al., 2007; Makarava et al., 2010; Sigurdson et al., 2009).  One 

of the unique features of prions is the existence of distinct strains, which were 

originally characterized by their distinct incubation periods and the severity and 

localization of neuropathological changes they elicited in a given host species.  

These differences are thought to be attributed to strain-specific conformations of 

the infectious protein, though the mechanisms by which the conformations effect 

prion strain properties is not understood (Bessen & Marsh, 1994; Caughey et al., 

1998; Kascsak et al., 1986; Safar et al., 1998; Telling et al., 1996).   

 Different prion strains cause distinct patterns of spongiosis and PrPSc 

deposition and appear to possess a distinct strain-specific cellular tropism (Bartz 

et al., 2004; Bessen & Marsh, 1994; DeArmond et al., 1997; Mahal et al., 2007).  

This differential tropism has been used as an in vitro means to discriminate 

among strains using the cell panel assay (Mahal et al., 2007).  Although the 

uptake of PrPSc by cell lines appears to be non-specific, this assay detects strain-

specific differences in the susceptibility of multiple cell lines to increasing 

concentrations of a particular prion strain (Greil et al., 2008; Magalhaes et al., 

2005; Mahal et al., 2007).  Additionally, multiple strain-specific patterns of PrPSc 
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accumulation have been observed in rodent models of prion disease suggesting 

in vivo neuronal tropism (Bessen & Marsh, 1994; DeArmond et al., 1997).  

Recent studies have disputed the idea that the nature of PrPSc glycosylation 

mediates strain targeting (DeArmond et al., 1997; Hecker et al., 1992; Piro et al., 

2009).  Therefore, the mechanism governing this phenomenon remains largely 

unknown. 

 In a previous study (Ayers et al., 2009)Chapter 3), we demonstrated that 

following sciatic nerve inoculation, the hyper (HY) and drowsy (DY) strains of 

transmissible mink encephalopathy (TME) were initially transported via the same 

descending motor tracts and accumulated in the same neuronal populations 

throughout the majority of their respective incubation periods.  Furthermore, a 

strain-specific difference in PrPSc deposition was observed at the clinical stage of 

disease.  This was suggested to be due to the length of time the agent had to 

spread to synaptically-linked neuronal populations before clinical disease, rather 

than a differential strain-specific susceptibility to infection, as all neuronal 

populations appeared susceptible to infection by both TME strains in this model 

system.  These findings suggest that strain-specific transport and neuronal 

susceptibility in the CNS are not solely responsible for prion strain targeting.  

However, the deposition of DY and HY PrPSc differed in the dorsal root ganglia 

(DRG) of these animals.   

PrPSc from several prion strains, such as BSE, Nor98, and DY TME, 

reveal a neurotropic deposition, but lack PrPSc within ganglia following peripheral 

routes of inoculation (Bartz et al., 2005; Benestad et al., 2003; Bruce et al., 2001; 
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Espinosa et al., 2007; Masujin et al., 2007; Nentwig et al., 2007; Vidal et al., 

2008; Wells et al., 1998).  However, these peripheral ganglia have been shown 

to be critical for neuroinvasion of some prion strains such as scrapie and CWD 

(Sigurdson et al., 1999; van Keulen et al., 2000).  Therefore, we wanted to 

investigate the potential for strain-specific tropism in peripheral nervous system 

(PNS) ganglia following inoculation with different strains.   

 To test the hypothesis that prions display strain-specific tropism in the 

PNS, the deposition of PrPSc was examined following inoculation in the sciatic 

nerve with either the HY or DY strain of the TME agent.  By inoculating in the 

sciatic nerve, these agents have the potential to be transported to the ventral 

motor neurons via the motor fibers, the DRG via the sensory fibers, and the 

sympathetic chain via the sympathetic fibers (Schmalbruch, 1986).  Differences 

were detected in the PrPSc deposition of strains in the DRG, suggesting a strain-

specific cellular tropism in these ganglia. 
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5.2 RESULTS 

5.2.1 Transport of dextran from the sciatic nerve inoculation site   

 Fluorescently tagged dextran was injected into the sciatic nerve (Figure 

5.1, Panel A) and the animals were allowed to survive for 72 hours to determine 

if inoculum could be transported to known motor, sensory and sympathetic 

neurons following sciatic nerve inoculation.  Dextran was detected in sensory 

neurons in the dorsal root ganglia (Figure 5.1, Panel B), neurons in the 

sympathetic chain (Figure 5.1, Panel C) and motor neurons in laminae IX of the 

lumbar spinal cord (Figure 5.1, Panel D) ipsilateral to the side of dextran injection 

(Schmalbruch, 1986).  Thus, we were confident that prions inoculated into the 

sciatic nerve could infect these populations of neurons.   

 

5.2.2 HY and DY PrPSc deposition in the peripheral nervous system 

following sciatic nerve inoculation 

 To determine the temporal and spatial pattern of HY and DY PrPSc 

deposition following sciatic nerve inoculation, the DRG and lumbar spinal cord 

were analyzed by PrPSc immunohistochemistry.  Following inoculation of the HY 

TME agent, these tissues were analyzed for HY PrPSc immunoreactivity at 1, 3, 

5, and 7 days post-inoculation, then at weekly intervals until the onset of clinical 

signs.  HY PrPSc was detected in neurons of the DRG and their surrounding 

satellite cells beginning at 7 days post-inoculation (p.i.) (Figure 3.1 and Table 

5.1) and in VMNs in lamina IX of the lumbar spinal cord at 14 days p.i. (Figure 

3.2 and Table 5.1).  HY PrPSc was detected in these structures throughout the 
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course of disease and upon the onset of clinical signs (Figure 5.2, Panels C and 

F, Table 5.1).  At 7 days p.i., only 1 or 2 neurons per DRG contained HY PrPSc 

deposition. However, over time the number of HY PrPSc infected DRG neurons 

increased to over 50% at the onset of disease.  HY PrPSc deposition in the DRG 

was also detected using Western blot analysis in animals sacrificed at the clinical 

stage of disease (Figure 5.3, Panel B) 

 In animals inoculated with the DY TME agent, DRG were analyzed for DY 

PrPSc deposition every 30 days until the onset of clinical signs.  DY PrPSc was 

first detected in VMNs of lamina IX of the lumbar spinal cord associated with 

VMNs at 70 days post-DY TME agent inoculation of the sciatic nerve (Figure 5.2, 

Panel E, Table 5.1).  However, throughout the course of disease, including in 

clinically affected animals, no PrPSc was detected in neurons of the DRG (Figure 

5.2, Panel B, Table 5.1).  Additionally, Western blot analysis failed to detect DY 

PrPSc in DRG from animals at the clinical stage of disease (Figure 5.3, Panel A). 
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Figure 5.1  Transport of dextran from sciatic nerve to neurons in the dorsal 

root ganglion, sympathetic chain and lumbar spinal cord.  (A) Hematoxylin 

and eosin stain of the sciatic nerve at injection site contains axons from sensory 

neurons of the dorsal root ganglia (B), postganglionic neurons of the sympathetic 

chain (C) and motor neurons from lamina IX of the lumbar spinal cord (D) as 

determined by the presence of dextran.  Scale bars: 100 µm.   
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Table 5.1  Temporal distribution of PrPSc in the CNS and PNS following 

sciatic nerve inoculation with HY or DY TME agents. 

 
Days post-HY TME infection  Location 1 3 5 7 14 28 Clinical 

Laminae IX 0/3a 0/3 0/3 0/3 3/3 3/3 3/3 
DRG 0/3 0/3 0/3 2/3 3/3 3/3 3/3 
         

Days post-DY TME infection Location 30 60 90 120 150 180 210 Clinical 
Laminae IX 0/3 0/3 3/3 3/3 3/3 3/3 3/3 3/3 
DRG 0/3 0/3 0/3 0/3 0/3 0/3 0/3 0/3 

 

a Number detected/number examined 
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Figure 5.2  Immunohistochemical detection of HY and DY PrPSc in the DRG 

following sciatic nerve inoculation.  In mock-infected hamsters, PrPSc was not 

detected in the DRG (A) or VMNs in lamina IX of the lumbar spinal cord (D).  At 

the clinical stage of disease following DY TME inoculation, PrPSc was not 

detected in the DRG (B), but was found in lamina IX of the lumbar spinal cord 

(E).  At the clinical stage of disease following HY TME inoculation, PrPSc was 

detected in the DRG (C) and surrounding satellite cells (arrows in Panel C) and 

lamina IX of the lumbar spinal cord (F).  Scale bar: 50 µm  
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Figure 5.3  Detection of HY and DY PrPSc in ganglia following sciatic nerve 

inoculation.  (A) DY PrPSc was not detected in DRG from DY TME infected 

hamsters at the clinical stage of disease (lanes 3 and 5).  (B) HY PrPSc was 

detected in DRG from HY TME infected animals at the clinical stage of disease 

(lanes 3 and 5). 



 146 

5.2 DISCUSSION 

 The DY and HY TME agents are known to be retrogradely transported 

within the CNS along the same four descending motor pathways after sciatic 

nerve inoculation (Ayers et al., 2009).  Based on the transport of dextran 

following sciatic nerve inoculation, both the HY and DY TME agents could 

potentially be transported to the DRG.  Following HY TME sciatic nerve 

inoculation, HY PrPSc was detected in neurons and surrounding satellite cells of 

the DRG and VMNs of the lumbar spinal cord throughout the majority of the 

incubation period.  However, following DY TME inoculation in the sciatic nerve, 

there was a complete lack of DY PrPSc deposition for all timepoints tested, 

including at the clinical stage of disease.  As previously reported (Ayers et al., 

2009), DY PrPSc was detected in laminae IX of the lumbar spinal cord at 70 days 

p.i., indicating successful infection.  This data suggests differential tropism of 

these prion strains within the DRG.    

 A number of mechanisms may account for prion strain tropism in the PNS 

and the inability of DY PrPSc to accumulate in the DRG.  One possibility is that 

neurons within peripheral ganglia are highly susceptible to some prion strains 

and quickly undergo apoptosis upon infection.  The mechanisms for cell death in 

prion diseases is largely unknown, but apoptosis is currently regarded as a 

principal mechanism for neuronal cell loss in studies involving scrapie-infected 

mice, CJD-affected humans, and prion-infected cell culture models (Cronier et 

al., 2004; Giese & Kretzschmar, 2001; Hetz et al., 2003).  Cell death of neurons 

in peripheral ganglia following infection would result in the elimination of PrPSc 
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from their soma.  However this may lead to PrPSc uptake by neighboring satellite 

cells and nearby neurons.  The immunohistochemical examination did not reveal 

any noticeable changes in DRG pathology or uptake by satellite cells in DY TME 

infected animals when compared to mock-inoculated animals that would indicate 

significant neuronal apoptosis.   

 Certain prion strains may also be deficient in replication within peripheral 

ganglia.  In Chapter 4, it was demonstrated that HY PrPSc replicates much more 

efficiently than DY PrPSc.  Therefore, the rate of DY PrP conversion may be too 

slow to accumulate to detectable levels within neurons of the DRG.  Additionally, 

host-encoded factors required for DY PrPSc replication may be present in the 

CNS and absent in the DRG.  This is supported by in vitro studies, which have 

shown that host-encoded polyanionic compounds, including RNA and 

proteoglycan molecules can promote PrPC to PrPSc conversion (Deleault et al., 

2007; Deleault et al., 2003; Shaked et al., 2001; Wong et al., 2001).  However, 

data concerning the cell and strain-specificity of these factors is not available.   

 Lastly, clearance of DY PrPSc from the somata of DRG neurons by 

proteolytic enzymes could prevent its accumulation.  Strain-specific differences in 

the susceptibility of PrPSc to proteolytic cleavage have been reported both in vitro 

and in vivo (Bessen & Marsh, 1992a; Chen et al., 1995; Dron et al., 2010; Jeffrey 

et al., 2003; Jimenez-Huete et al., 1998; Yadavalli et al., 2004).  In Chapter 4, it 

was demonstrated that despite immunoreactivity within astrocytes, microglia, and 

the neuropil, DY PrPSc was unable to accumulate to high levels within the somata 

of neurons.  This differed from that of HY TME infected animals, where strong 
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PrPSc deposition was detected within neurons.  These results suggest an 

increased sensitivity of DY PrPSc to intracellular neuronal proteases.  However 

the environment in the DRG, which differs from that in the CNS, may also 

account for the lack of DY PrPSc accumulation within the DRG.  The DRG is 

comprised of pseudounipolar sensory neurons that are surrounded by a large 

population of satellite glial cells.  These sensory neurons lack dendrites and the 

DRG lack astrocytes and glial cells, both of which may be critical for the 

replication and accumulation of DY PrPSc, as DY PrPSc is detected throughout 

the neuropil and within astrocytes and glia (Chapter 4).  Therefore, the DRG is 

likely an unfavorable environment for DY TME agent accumulation.  An 

increased sensitivity to proteolytic digestion and the lack of cell types capable of 

replicating DY PrPSc could also significantly deter the accumulation of DY PrPSc.  

Further work is needed to determine which of these factors are involved.   

 Overall, these data demonstrate differential strain tropism for DRG.  As 

discussed in Chapter 4 and implicated here, a strain-specific balance between 

prion replication and clearance may significantly affect prion strain tropism.  This 

study could have implications for some naturally-occurring prion diseases in 

which the process of neuroinvasion is still unknown due to the lack of PrPSc 

deposition in the lymphoreticular system and peripheral nervous system.  

Additionally, the ability of peripheral ganglia to selectively amplify prion strains 

indicates a potential role in prion adaptation. 
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CHAPTER VI: CONCLUSIONS AND FUTURE WORK 

 

6.1 THESIS SUMMARY AND CONCLUSIONS 

6.1.1 The time at which strain-specific CTAs are infected and destroyed 

influences the distribution and intensity of neuropathological changes 

during the course of prion disease 

 While it has been demonstrated that the anatomical distribution of PrPSc 

deposition in the CNS differs between prion strains in rodents, the mechanism(s) 

responsible for these stain-specific differences are not known (Bessen & Marsh, 

1994; DeArmond et al., 1997; Hecker et al., 1992).  The first study (Chapter 3) 

tested the hypothesis that the characteristic neuropathology of prion strains is 

due to strain-specific transport along different neuroanatomical tracts.  In this 

study, the route of spread of the HY and DY hamster-adapted TME agents was 

compared over time following inoculation of the sciatic nerve.   

 It was concluded that the strain-specific transport of PrPSc is not 

responsible for prion strain targeting.  Through the majority of their respective 

incubation periods, both HY and DY PrPSc were detected in the same 

neuroanatomical structures.  The pattern of PrPSc deposition suggested 

retrograde centripetal prion transport via the same four descending motor tracts 

via their connections with the VMNs of the lumbar spinal cord.  The initial 

preference for retrograde transport in this model system is consistent with other 

studies that examined the early spread of prions (Bartz et al., 2002; Bartz et al., 

2003; McBride et al., 2001; van Keulen et al., 2000).  Strain-specific differences 
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in PrPSc deposition were observed on the development of clinical disease, though 

the widespread PrPSc deposition of the agents and the complex 

interconnectedness of the CNS resulted in an inability to unequivocally determine 

which neuroanatomical pathways were used.  Therefore, the possibility of strain-

specific transport during the late stages of disease cannot be excluded.  

However, the observed differences in PrPSc deposition at the clinical stage of 

disease led to an alternative hypothesis; namely differential susceptibility of 

neuronal populations to prion accumulation determines prion strain targeting.   

The lack of HY PrPSc deposition in the hippocampus and select white 

matter tracts following sciatic nerve inoculation was not due to an inherent 

resistance of these neurons to HY PrPSc infection.  Following i.c. inoculation 

these populations of neurons displayed HY PrPSc immunoreactivity.  Therefore, 

all neuronal populations display susceptibility to both HY and DY PrPSc, which 

suggests that there are no neuronal populations that are refractory to certain 

strains of prions.   

I conclude that the observed strain-specific differences in PrPSc 

deposition upon development of clinical disease may be due to the length of time 

that PrPSc has to spread in the CNS before the host succumbs to disease.  As 

mentioned in section 1.5.2b, the duration of the replication phase in the brain is 

dependent on the route of infection.  Interestingly, although the incubation period 

is shorter, the i.c. route of infection results in a longer duration of the replication 

phase in the brain when compared to all non-neural peripheral routes (Kimberlin 

et al., 1987a; Kimberlin & Walker, 1986).  This led Kimberlin and Walker to 
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propose the clinical target area (CTA) hypothesis (Kimberlin et al., 1987a; 

Kimberlin & Walker, 1986; Kimberlin & Walker, 1988): 

 

“the fatal clinical disease depends on scrapie replicating and 

causing accumulative cellular dysfunction (or death) in a small 

number of clinical target areas (CTAs) and that agent entering the 

CNS at the level of the spinal cord reaches these postulated CTAs 

more rapidly than agent injected into the anterior brain.”   

 

It is proposed that multiple types of target areas exist with various 

functions throughout the course of prion disease.  Certain target areas when 

affected result in death of the animal.  These areas would most likely be neuronal 

populations responsible for the functioning of vital organ systems.  Other target 

areas, whose involvement may not necessarily lead to death, would contribute to 

the development of clinical symptoms.  Additionally, there are target areas (non-

CTAs), representing the greatest proportion of the CNS, whose only role is to 

replicate PrPSc and transport the agent to synaptically-linked neuronal 

populations.  This idea is supported by the above-mentioned finding that non-

neural routes of inoculation, such as i.p. inoculation, result in a shorter duration of 

prion replication in the brain and a shorter overall incubation period when 

compared to the i.c. route (Kimberlin et al., 1987a; Kimberlin & Walker, 1986).  

Agent entry into the CNS via peripheral routes or the intraspinal route of 

inoculation gives the agent a more direct route to its CTAs. 



 153 

 Based on strain-specific differences in clinical symptoms, incubation 

periods and the location and severity of spongiosis and PrPSc deposition, it is 

thought that each prion strain has a distinct set of CTAs.  This is supported by 

the finding that stereotaxic injection of the mouse-adapted scrapie strain 22L in 

the cerebellum results in a significant reduction in its incubation period and a 

more restricted pattern of spongiosis when compared to inoculation of any other 

brain region (Kim et al., 1987).  Inoculation of the hippocampus with additional 

mouse prion strains did not result in a reduction in their respective incubation 

periods (Kim et al., 1987).  Therefore, inoculation of the 22L strain in the 

cerebellum provided the agent a more direct route to its strain-specific CTAs.   

 Many strain-specific factors may influence the rate in which it takes a 

particular prion agent to travel from the initial site of invasion to its CTAs and 

subsequently cause clinical disease.  I will use the data obtained from the HY 

and DY TME agents to highlight these factors.  The time taken for PrPSc to reach 

and destroy the CTAs, or the incubation period, may be affected by (but is not 

limited to) (a) the rate of accumulation, (b) the rate of transport (c) the complexity 

of neural pathways between the invasion site and the CTAs, and (d) the time 

needed to cause damage in the CTAs. 

 Strain-specific differences are observed in the accumulation of PrPSc.  As 

shown in Chapter 4 and discussed further in the next section, HY and DY PrPSc 

differ in their replication efficiency and their sensitivity to in vivo proteolytic 

digestion.  HY PrPSc replicates more efficiently and is less susceptible to 

proteolytic digestion when compared to DY PrPSc.  This will result in a faster rate 
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of accumulation of HY PrPSc and a greater opportunity to be transported to 

synaptically-linked neurons.   

 The rate of axonal transport could significantly affect the incubation period.  

In Chapter 3, I report a significant difference in the rates of HY and DY PrPSc 

transport.  However, these measurements are not directly measuring the 

transport of PrPSc, but are based on the time in which immunohistochemical 

detection of PrPSc is observed in various neuronal populations.  Therefore, these 

measurements are not only affected by the rate of transport, but also by the rate 

of PrPSc accumulation.  This could explain the faster rate of HY PrPSc transport 

when compared to DY PrPSc that was measured in this study.  More work needs 

to be done to directly measure the rate of PrPSc transport and determine if strain-

specific differences exist. 

 In order for the prion agent to reach its CTAs, it must be transported from 

the initial site of inoculation.  This involves axonal transport via a complex set of 

neuroanatomical pathways.  The rate at which PrPSc reaches its CTAs is affected 

by how synaptically-direct these areas are from the point of CNS invasion.  For 

example, short incubation period strains would be assumed to have a more direct 

connection to their CTAs and a subsequently more restricted pattern of PrPSc 

deposition, whereas longer incubation period strains would have a greater 

number of connections to travel, potentially affecting a larger number of neuronal 

populations (non-CTAs), and resulting in a more widespread distribution of PrPSc 

(Figure 6.1).  This may account for the lack of HY PrPSc deposition in the 
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hippocampus and select white matter tracts at the clinical stage of disease, while 

DY PrPSc was detected in all neuronal populations (Figure 6.1).   

 Lastly, incubation period could be affected by the time it takes from 

infection of the CTAs to when cellular damage occurs.  Though vacuolation, 

gliosis, and neuronal loss are the predominant lesions in prion diseases, their 

contribution to clinical disease are unknown.  Cellular damage resulting in 

neurological signs may also come about by dysfunction at the synapse or 

terminal axon levels (Brown et al., 2001; Jeffrey et al., 2004; Jeffrey et al., 2000b; 

Siskova et al., 2009).  Additionally, the direct cause of these lesions is unclear.  

Whether cellular dysfunction is attributed to PrPSc toxicity or by a loss of normal 

PrPC function is still under debate.  The possibility remains that the mechanism(s) 

that may be causing cellular damage could be strain-specific, and thereby affect 

their incubation period.   

 When taken into consideration, these factors may explain the different 

rates of PrPSc accumulation observed during the duration of TME infection 

exhibited by the HY and DY agents (Mulcahy et al., 2004).  Following i.c. 

inoculation, HY PrPSc displays a constant exponential rate of accumulation up to 

the time of clinical disease.  On the other hand, DY PrPSc accumulation becomes 

progressively slower over time.  It has been proposed that a finite number of 

“replication sites” exist and that the overall rate of accumulation slows as fewer 

sites remain (Dickinson, 1979).  Therefore, the gradual slowing of DY PrPSc 

accumulation may indicate the point in which the agent has been transported to a 

majority of neuronal populations and fewer DY PrPSc “replication sites”, remain  
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Figure 6.1  Adaptation of the CTA hypothesis for HY and DY TME 

pathogenesis following sciatic nerve inoculation.  Following initial deposition 

of HY and DY PrPSc associated with laminae IX of the lumbar spinal cord, both 

agents are transported via the same 4 descending motor tracts to the reticular 

formation, lateral vestibular nucleus (LVN), red nucleus, and motor cortex.  The 

HY CTAs have a more direct connection to their CTAs, thereby resulting in more 

restricted pattern of PrPSc deposition, and in shorter incubation period.  The DY 

CTAs are synaptically distant, thereby resulting in a widespread PrPSc deposition 

and a longer incubation period.  Incubation periods for HY and DY TME following 

sciatic nerve inoculation are depicted in the lower portion of the figure.   
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(Mulcahy et al., 2004).  Additionally, the time between the slowing of DY PrPSc 

accumulation and the onset of clinical symptoms may represent the time it takes 

for DY PrPSc to cause cellular damage in its CTAs.  It would be interesting to 

examine how the gradual decline in the rate of accumulation relates to the DY 

PrPSc distribution throughout the brain.   

 I propose that any, or all, of these above-mentioned factors can affect the 

strain-specific rate at which an animal succumbs to clinical disease (i.e. the CTAs 

are destroyed).  Furthermore, the length of time it takes for an agent to reach and 

destroy its CTAs, influences the distribution and intensity of neuropathological 

changes.   

 

6.1.2 Neuronal susceptibility to prion infection is affected by a balance 

between agent replication and clearance 

 While it is hypothesized that each prion strain has a unique conformation 

of PrPSc, the mechanisms underlying the connection between PrPSc conformation 

and its effect on prion strain properties are poorly understood (Bartz et al., 2005; 

Bessen & Marsh, 1994; Caughey et al., 1998; DeArmond et al., 1993; Kascsak et 

al., 1986; Legname et al., 2006; Mahal et al., 2007; Safar et al., 1998; Telling et 

al., 1996).  The experiments in Chapter 4 were an attempt to increase our 

understanding of this relationship.  In this study, I evaluated PrPSc susceptibility 

to endogenous proteolytic processing in vivo in several cell types, of eight 

hamster-adapted prion strains.  This data was compared to other data out of our 
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lab comparing the PrPSc amplification efficiency and the conformational stability 

of PrPSc for the eight prion strains. 

 Taken together, the data from this study indicate that short incubation 

period strains have a more efficient PrPSc replication, a higher conformational 

stability of PrPSc, and intrasomal accumulation of PrPSc in neurons compared to 

long incubation period strains that exhibited less efficient agent replication, lower 

conformational stability of PrPSc, and somata of neurons that lacked PrPSc 

immunoreactivity.  From these results I conclude that neuronal susceptibility to 

prion infection is affected by a balance between agent replication and clearance.   

 As mentioned in section 1.5.3d, the distribution of PrPSc in neuronal 

populations and cell types can differ between strains, suggesting that PrPSc can 

have a distinct strain-specific cellular tropism, however the mechanism for this is 

not known (Bessen & Marsh, 1994; Caughey et al., 1998; DeArmond et al., 1997; 

Mahal et al., 2007; Telling et al., 1996). The dynamic susceptibility model, which 

was proposed by Weissmann (Weissmann, 2004) suggests that the capacity of a 

cell to propagate prions, all genetic features being equal, depends on the ratio of 

prion synthesis to degradation.  However, based on their vastly different 

environments, it seems reasonable to hypothesize that the susceptibility and 

accumulation of PrPSc for brain areas and for cell lines occur by unique 

mechanisms.  

 Prion-infected cell lines are convenient systems for analyzing mechanisms 

of prion formation as well as for identifying possible anti-prion therapeutics.  

Exposing specific cell lines to brain homogenates from infected animals results in 
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the de novo formation of intracellular PrPSc.  Subsequently, upon repetitive 

subpassage infected cells retain stable levels of PrPSc (Solassol et al., 2003).  In 

culture, persistent infection requires that the rate of PrPSc synthesis be at least 

equal to the rate of PrPSc depletion, which can occur by degradation, secretion, 

and cell division.  This dynamic balance must result in steady-state PrPSc levels 

that are above detection limits, but yet do not have a significant negative impact 

on cell viability and growth (Ghaemmaghami et al., 2007; Weissmann, 2004).  In 

general, this balance of PrPSc synthesis and depletion in a cell culture system 

may be shifted towards PrPSc depletion.  Though the uptake of PrPSc by cell lines 

appears to be non-specific, only a limited number can efficiently propagate 

prions, and these lines are susceptible to a limited number of prion strains (Greil 

et al., 2008; Magalhaes et al., 2005; Solassol et al., 2003).  For example, the 

murine neuroblastoma cell line, N2a, is susceptible to the mouse-adapted 

scrapie strain RML, but not susceptible to many other murine strains that are 

readily transmissible in mice (Bosque & Prusiner, 2000; Klohn et al., 2003; 

Nishida et al., 2000).  These data suggest that the requirements for stable 

infection in culture may be more restrictive than in vivo prion propagation.   

 Prion propagation in cell culture differs fundamentally from the natural 

course of infection within the CNS, in that the accumulation of PrPSc occurs in 

continually dividing cells rather than postmitotic non-dividing neurons.  The 

depletion of PrPSc in vivo may occur through degradation and secretion, but not 

cell division.  The degradation of PrPSc has been attributed to the action of both 

the cysteine and calpain families of proteolytic enzymes (Luhr et al., 2004a; Luhr 
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et al., 2004b; Yadavalli et al., 2004).  Possible mechanism(s) for PrPSc secretion 

and cell-to-cell spread include exosomes, tunneling nanotubes, and synaptic 

release (Alais et al., 2008; Fevrier et al., 2004; Gousset et al., 2009; Veith et al., 

2009).  

 The results in Chapter 4 reveal strain-specific differences in the neuronal 

processing of PrPSc.  Taken together with data showing the strain-specific 

differences in PrPSc replication (data not shown), I suggest the dynamic 

susceptibility model is strain specific.  A neurons capacity to accumulate prions 

depends on the strain-specific ratio of PrPSc synthesis to degradation.  This 

delicate balance could dramatically influence disease progression, and as 

discussed above, affect the rate at which PrPSc reaches and destroys the CTAs 

and causes clinical disease.  This would account for the finding that the strains 

which replicated PrPSc more efficiently and accumulated PrPSc within the somata 

of neurons had a shorter incubation period when compared to PrPSc from the 

long incubation period strains.   

When subjecting PrPSc from these eight hamster-adapted prion strains 

to proteolytic digestion following treatment in increasing concentrations of the 

protein denaturants SDS and GdnHCl, differences in the conformational stability 

were revealed (data not shown).  Interestingly, the stability of PrPSc for a given 

strain correlated well with its incubation period.  In relation to other studies, the 

conformational stability of PrPSc and the length of the incubation period of 

disease between prion strains is conflicted.  In murine models of prion disease, a 

decrease in the conformational stability of PrPSc correlates with a decrease in the 
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incubation period (Colby et al., 2009; Legname et al., 2006).  A proposed 

explanation for this result is that decreasing the stability of PrPSc increases PrPSc 

fragmentation allowing for a more rapid agent replication and a correspondingly 

short incubation period (Masel et al., 1999; Silveira et al., 2005; Tanaka et al., 

2006).  However, based on the results presented here and reported elsewhere, 

hamster-adapted prion strains with short incubation periods have PrPSc that is 

conformationally more stable when compared to PrPSc from strains with a 

relatively longer incubation period (Peretz et al., 2001).  I conclude from these 

studies that PrPSc conformational stability for a given strain influences other 

strain properties such as PrPSc replication and susceptibility to proteolytic 

clearance.  However, whether the conformational assay is measure of the 

susceptibility of PrPSc to undergo fragmentation or a measure of PrPSc 

aggregation is unknown.  Together, these strain-specific factors could account for 

the discrepancy between mouse and hamster prion sources.  Furthermore, 

additional species-specific factors may influence these properties.   

 

6.1.3 Stain-specific differences exist in the susceptibility of sensory 

neurons in the PNS to prion infection 

 Different prion strains display a unique strain-specific cellular tropism in 

organs, neuronal populations, and cell types (Bartz et al., 2004; Bessen & Marsh, 

1994; DeArmond et al., 1997; Mahal et al., 2007).  In my previous studies, I 

concluded that the tropism observed in the CNS is due to (1) a critical balance 

between agent replication and clearance within neurons and (2) the length of 
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time the agent has to be axonally transported before the CTAs become infected 

and the animal succumbs to disease.  Based on the neurotropic nature of some 

naturally occurring strains such as BSE and the atypical scrapie strain, Nor98, 

Chapter 5 was aimed at advancing my previous studies and testing the 

hypothesis that prions display strain-specific tropism in the peripheral nervous 

system (PNS).  

It was concluded that strain-specific differences in cellular tropism 

occur in the PNS.  HY PrPSc was detected in the dorsal root ganglia (DRG) and 

lumbar spinal cord throughout the majority of the incubation period following HY 

TME agent inoculation in the sciatic nerve.  Though DY PrPSc was detected in 

the lumbar spinal cord following DY TME agent inoculation in the sciatic nerve, 

there was a complete lack of DY PrPSc deposition in the DRG, including during 

the clinical stage of disease.  This data implicates a number of possible 

mechanisms that are discussed in the Chapter 5 discussion, and clearly 

highlights the work that remains to be done to better understand cellular tropisms 

of prions.  Additionally, it suggests a possible role for cellular tropism in the 

emergence of strains through prion adaptation.   

 In naturally occurring prion isolates, it is thought that multiple strains of the 

prion agent exist (Dickinson, 1976).  The change in phenotype observed 

following interspecies transmission is therefore thought to occur during the 

adaptation and selection of a particular strain within the mixture of strains 

contained in the original inoculum.  This is supported by a number of 

transmission studies in which new strains of the prion agent were identified upon 
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crossing of a species barrier (Bartz et al., 2000; Bessen & Marsh, 1994; 

Kimberlin & Walker, 1978; Sigurdson et al., 2006).  Mentioned in section 1.4.2, 

recent studies using biologically cloned strains, demonstrated that when 

changing conditions in prion cell culture models and subjecting prions to selective 

pressures such as different cellular environments and replication inhibitors, 

prions can “mutate” to form a more efficiently replicating strain (Li et al., 2009).   

 It has been suggested that the different cell populations within a single 

host could offer alternative environments for strain selection (Collinge & Clarke, 

2007).  In fact, several in vitro studies have shown that polyanionic compounds, 

including host-encoded RNA and proteoglycan molecules can promote PrPC to 

PrPSc conversion (Deleault et al., 2007; Deleault et al., 2003; Shaked et al., 2001; 

Wong et al., 2001).  The possibility that strain and cell-specific differences in the 

population of these cofactors cannot be excluded.  Therefore, host-encoded 

factors required for DY PrPSc replication may be present in the CNS, but absent 

in the DRG, whereas factors required for HY PrPSc are present in both locations. 

The results from Chapter 5 demonstrate that neurons in the DRG are 

limited in their capacity to accumulate DY PrPSc. The PNS and associated 

ganglia are critical for neuroinvasion of PrPSc for many naturally occurring strains 

(Andreoletti et al., 2000; Glatzel et al., 2001; McBride et al., 2001; van Keulen et 

al., 2000).  I conclude that ganglia within the PNS have an important role in prion 

adaptation, and strain selection following peripheral routes of exposure.   

 

6.2 SUGGESTIONS FOR FUTURE WORK 
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6.2.1 Identification of endogenous proteases responsible for PrPSc 

processing 

 It was demonstrated in Chapter 4 that HY and DY PrPSc undergo strain-

specific truncation in neurons, astrocytes, and microglia.  In fact, there was a 

failure to detect DY PrPSc within the somata of neurons.  Similarly, in Chapter 5, 

DY PrPSc was unable to accumulate within neurons of the DRG following sciatic 

nerve inoculation.  These data suggest that in the somata of both motor and 

sensory neurons, DY PrPSc is much more vulnerable to truncation and possible 

degradation by cellular proteases than HY PrPSc. 

 As mentioned in previous sections, studies have demonstrated the strain 

and cell-specific variations in PrPSc processing in brain tissue and cultured cells, 

and suggest differences in both, the susceptibility of PrPSc conformers to 

enzymatic digestion, and the endosomal-lysosomal compartments within different 

cell types (Chen et al., 1995; Dron et al., 2010; Jeffrey et al., 2003; Jimenez-

Huete et al., 1998; Yadavalli et al., 2004). The degradation of PrPSc has been 

attributed to the action of both the cysteine and calpain families of proteolytic 

enzymes (Luhr et al., 2004a; Luhr et al., 2004b; Yadavalli et al., 2004).  However, 

these conflicting studies do not address the strain-specificity of these 

endogenous proteases.  I hypothesize that prions can be eliminated from the 

somata of neurons by proteolytic clearance of PrPSc.  

 The use of neuronal or dorsal root ganglion cultures would be useful in 

testing this hypothesis.  Following infection of these cultures with either the DY or 

HY TME agents, a panel of membrane permeable protease inhibitors can be 
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added to inhibit a particular family of proteolytic enzymes (Yadavalli et al., 2004).  

Using immunocytochemistry and Western blot analysis, the extent of PrPSc 

processing can be observed.  This data will determine whether cellular proteases 

within motor or sensory neurons are responsible for the truncation of PrPSc and 

identify the specific proteases responsible.  

 An alternative approach to test this hypothesis would be to study the 

effects of protease inhibitors in vivo.  The treatment of protease inhibitors through 

subcutaneous injection in the hind paw has shown to block proteolytic enzyme 

activity within the DRG (Barclay et al., 2007).  Prior to infection with the DY TME 

agent in the sciatic nerve, different classes of protease inhibitors could be 

injected into the hind paw and assessed for their effects on PrPSc accumulation.  

However, the pharmacokinetics of the specific drugs through subcutaneous 

ingection in the hind paw would first have to be investigated.   

 

6.2.2 Efficiency of PrPSc replication in neurons of the PNS 

 The inability of DY PrPSc to accumulate in the DRG following sciatic nerve 

inoculation was demonstrated in Chapter 5.  I suggest in section 6.1.2 that a 

strain-specific balance between agent replication and clearance affects the 

accumulation of PrPSc.  This was supported by results demonstrating the 

differences in PrPSc replication and proteolytic clearance among several hamster-

adapted prion strains.  The previous section laid out an experimental approach to 

study the mechanism of PrPSc proteolytic clearance as a possible explanation for 
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the inability of DY PrPSc to accumulate in the DRG.  I hypothesize that a lack of 

PrPSc accumulation in peripheral ganglia is due to a deficiency in replication.   

 In Chapter 4, protein misfolding cyclic amplification (PMCA) was used to 

study PrPSc replication.  This technique uses multiple rounds of sonication and 

incubation cycles to mimic the essential steps in PrPSc conversion in vivo at an 

accelerated rate.  By using DY PrPSc as the seed and homogenized DRG from 

an uninfected hamster as the source of PrPC, it can be determined whether the 

DY TME agent is able to replicate within the DRG.  Seeing as HY PrPSc 

accumulated to high levels in the DRG following sciatic nerve inoculation, the HY 

TME agent could be used as a positive control to confirm that PrPC from DRG 

can be used as a substrate in the PMCA reaction.   

 Additionally, the use of primary DRG cultures could be used to study PrPSc 

replication.  However, it would be necessary to treat these cells with protease 

inhibitors in order to study, specifically, the replication of PrPSc.  Following 

infection of the cultures with DY TME, the accumulation of PrPSc could be 

measured over time by Western blot analysis.   

 

6.2.3  Effects on strain-specific phenotype from the alteration of PrPSc 

stability  

 The mechanisms underlying PrPSc conformation and its effects on prion 

strain properties are poorly understood.  In Chapter 4, it is suggested that the 

conformational stability of PrPSc for a given strain can have effects on prion 

replication and clearance.  However, this is based on comparing the strain 
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properties from eight hamster-adapted prion strains.  To better characterize this 

relationship, a study directly altering the conformational stability of PrPSc and 

observing its effects on strain properties would be valuable. I hypothesize that an 

increase in PrPSc conformational stability will result in a higher rate of PrPSc 

accumulation. 

 Several compounds, including polyanions such as Congo red have been 

identified and shown to inhibit PrPSc replication and accumulation as well as 

prolong the incubation period of scrapie-infected hamsters when administered 

prophylactically (Caughey et al., 1993; Ingrosso et al., 1995; McKenzie et al., 

1994).  However, the mechanism by which such anti-prion agents operate is not 

well known.  A putative mechanism for Congo red is that its interaction with PrPSc 

results in overstabilization of the PrPSc molecules, so that the partial denaturation 

essential for the conversion of PrPC to PrPSc cannot occur (Caspi et al., 1998).  

Perhaps treating PrPSc with low concentrations of Congo red would stabilize 

PrPSc without causing such profound effects on prion replication.  Therefore, 

PrPSc could be treated with Congo red and subsequently measured for 

replication efficiency and susceptibility to proteolytic truncation. 

 The other side of the equation is destabilization of PrPSc.  The 

conformational-stability assay used in Chapter 4 took advantage of the protein 

denaturants guanidine hydrochloride (GdnHCl) and sodium dodecyl sulfate to 

denature PrPSc and thereby affect its sensitivity to PK.  The precise mechanism 

by which these agents denature proteins is unknown, but their effect on protease 

sensitivity would imply a conformational destabilizing function.  In fact, treatment 
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of PrPSc with tetracyclines, which also reduce protease resistance of PrPSc, 

revealed a prolonged survival time and a delay in PrPSc accumulation when 

injected into scrapie-infected animals (Forloni et al., 2002).  Therefore, changes 

in strain-specific properties could be determined following treatment of PrPSc with 

various concentrations of protein destabilizing agents.   
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6.3 CONCLUDING REMARKS 

 The overall goal of this dissertation was to further our understanding of 

prion strain targeting.  The data presented here suggest that strain-specific 

transport and differential susceptibility to prion infection in the CNS are not solely 

responsible for prion strain targeting.  One likely scenario is that differences in 

PrPSc distribution between strains during clinical disease are due to differences in 

the length of time that PrPSc has to spread in the CNS before the host succumbs 

to disease.  Based on the data, this time may be influenced by a strain-specific 

balance between PrPSc replication and clearance.  This balance may account for 

the differential susceptibility of neurons in peripheral ganglia to prion strains.  

Furthermore, the conformational stability of PrPSc seems to influence these strain 

properties.  By eliminating potential mechanisms and highlighting the importance 

of others, this dissertation provides a better understanding of the mechanisms for 

prion strain targeting.   
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