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Abstract 

 Transmissible spongiform encephalopathies (TSEs), or prion diseases, 

are a group of invariably fatal neurodegenerative diseases of both humans and 

animals, thought to be caused by the abnormally folded prion protein PrPSc.  

Prion disease research continues to be faced by a number of difficult challenges.  

First, the unequivocal diagnosis of most prion diseases currently requires the 

post-mortem collection of central nervous system tissue, either for histological 

examination or Western blot analysis; second, a viable treatment for clinical 

stage disease has not yet been identified; third, the exact details of disease 

pathogenesis have not been elucidated; and fourth, the normal function of PrPC 

is not definitively known.   

 The primary objective of the studies presented here was to diagnose prion 

disease in live animals, using Magnetic Resonance Imaging (MRI).  Increases in 

T2 relaxation time and apparent diffusion coefficient (ADC) were observed very 

early following the infection of Syrian golden hamsters with the 263K strain of 

scrapie.  These changes were evident well before the appearance of either 

clinical symptoms or the typical histological changes characteristic of prion 

disease, suggesting that they are the result of the progressive accumulation of 

fluid, and that this may constitute a novel early marker of prion disease 

pathogenesis.  Following the establishment of this model system, a secondary 

objective was composed:  to test the viability of a potential treatment (pentosan 

polysulphate) using a number of different treatment regimens.  It was determined 

that pentosan polysulphate (PPS) was ineffective as a treatment unless it was 

 iii



administered intra-cerebrally very early in infection, although it was shown to 

slow the appearance of the histological hallmarks of prion disease.  In response 

to the results of these studies, a potential model was proposed, relating PrP, 

aquaporin-4 (AQP4) regulation, and oedema.  Although speculative, this model 

may have implications for both normal PrPC function and disease pathogenesis.   
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 1

1. Introduction 
 
 Transmissible spongiform encephalopathies (TSEs), or prion diseases, 

are a group of invariably fatal neurodegenerative diseases of both humans and 

animals.  It is now widely accepted that prion diseases are caused, in whole or in 

part, by an abnormally-folded form of the normal cellular protein PrP [1].  The 

normal form of this protein, known as PrP P

C 
P(for UPr Uion UPUrotein, UCUellular), 

undergoes a conformational change during which it acquires a significant amount 

of β-sheet [2,3], producing the pathological form, PrPP

Sc
P (for UPr Uion UPUrotein, 

UScUrapie), which is partially protease resistant and insoluble [2,4].  Prion diseases 

exist in genetic, sporadic, and acquired forms, all of which are transmissible [5].  

The most common human prion disease is Creutzfeld-Jakob Disease (CJD), the 

variant form (vCJD) of which is likely acquired through ingestion of beef from 

Bovine Spongiform Encephalopathy (BSE) infected cattle [1,6,7].  Other 

important prion diseases include scrapie of sheep and goats, and Chronic 

Wasting Disease (CWD) of deer and elk in North America.  Prion diseases are 

characterized by the deposition of PrP P

Sc
P, the appearance of vacuoles, and gliosis 

in the brain [5].  Different strains can be distinguished by the distributions of 

these histological markers in a given host.  However, the unequivocal diagnosis 

of most prion diseases requires the post-mortem collection of central nervous 

system tissue, either for histological examination or Western blot analysis.   

 Although much progress has been made since the identification of the 

prion protein in the early 1980’s, a number of aspects of prion disease remain 

unresolved.  First, with the notable exception of vCJD, which can be diagnosed 



with some success by detection of PrPSc in tonsil tissue [8], there is no method of 

unequivocal diagnosis in live subjects.  Second, a viable treatment for clinical 

stage disease has not yet been identified, although some treatments have at 

least prolonged survival time, usually through treatment before the appearance of 

clinical symptoms.  Third, the exact details of disease pathogenesis have not 

been elucidated.  The precise mechanism of conversion of PrPC to PrPSc has not 

been described; and more importantly, it is not yet clear whether disease results 

from a loss of function of PrPC, a gain of (pathological) function on the part of 

PrPSc, the response of the immune system to the presence of PrPSc, or some 

combination of all of these.  Fourth, the normal function of PrPC is not definitively 

known, although evidence exists for a number of different functions, and PrPC is 

highly conserved evolutionarily, indicating its importance.   

 The primary objective of the studies presented here was to diagnose prion 

disease in live animals, using Magnetic Resonance Imaging (MRI).  For the first 

time to my knowledge, increases in T2 relaxation time and apparent diffusion 

coefficient (ADC) were observed very early following the infection of Syrian 

golden hamsters with the 263K strain of scrapie.  These changes were evident 

well before the appearance of either clinical symptoms or the typical histological 

changes characteristic of prion disease, suggesting that they are the result of the 

progressive accumulation of fluid, and that this may constitute a novel early 

marker of prion disease pathogenesis.  Following the establishment of this model 

system, a secondary objective was composed:  to test the viability of a potential 

treatment (pentosan polysulphate) using a number of different treatment 
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regimens.  My research, described in this thesis, has shown that pentosan 

polysulphate (PPS) was ineffective as a treatment unless it was administered 

intra-cerebrally very early in infection, although it was shown to slow the 

appearance of the histological hallmarks of prion disease.  In response to the 

results of these studies, a potential model was proposed, relating PrP, 

aquaporin-4 (AQP4) regulation, and oedema.  Although speculative, this model 

may have implications for normal PrPC function and could explain, at least in part, 

the disease pathogenesis.   

1.1 Prion Disease – An Historical Perspective 

1.1.1 From Recognition of a Group of Diseases to Discovery of the Prion 

Protein 

In the early 1950’s, TSEs had not yet been recognized as a group of 

diseases or been associated with a causative agent.  CJD and scrapie were 

being studied entirely independently, and Kuru had not yet been identified.  

Within this context, Bjorn Sigurdsson described a disease of sheep known in 

Iceland as rida during a series of Special University Lectures given in the 

University of London in 1954 [9].  There were marked similarities between the 

disease he described and scrapie in England (indeed, they would later be found 

to be one and the same).  In his lecture, Sigurdsson reported the experimental 

transmission of rida to sheep by intra-cerebral injection of brain material from 

diseased animals, and suggested that the disease was caused by infection with 

what he termed a “slow virus” [9].  By the end of the decade, English scrapie had 

been experimentally transmitted to sheep [10,11] and goats [12]; the first reports 
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of Kuru had surfaced [13,14]; and it had been suggested that Kuru was a similar 

disease to scrapie [15], and to CJD [16].   

While their clinical and pathological similarities caused scrapie, Kuru, CJD 

and Transmissible Mink Encephalopathy (TME) to be considered together, 

investigators studying the different diseases had different ideas as to their cause.  

Possibilities considered for any or all of these diseases included the so-called 

slow virus; viroids; genetic causes; infectious lipids or carbohydrates; or toxins.  

The transmission of rida [9] and scrapie [10–12] by injection of brain material; the 

inability to discern a pattern of inheritance in Kuru; the transmission of Kuru to 

chimpanzees [17]; and the discovery that it was transmitted through ritualistic 

cannibalism led many researchers to lean towards the slow virus theory as the 

cause of these diseases.  This opinion persisted despite evidence of the 

extraordinary resistance of the agents responsible for scrapie [18–20] and CJD 

and Kuru [21] to ultraviolet and ionizing radiation, which would be expected to 

destroy any nucleic acid component.  Although the possibility that the infectious 

agent responsible for TSEs could be a protein and devoid of nucleic acid was 

first raised in the 1960s [22,23], it was only after the discovery that a protein was 

required for infectivity (and that nucleic acid was not) [24] that this theory was 

given any real credence.  The evidence provided in this study indicated that 

scrapie infectivity was resistant to five processes that modify nucleic acids, while 

it was partially sensitive to protease digestion [24].  This data allowed a number 

of hypotheses regarding the nature of the infectious agent to be eliminated, 

including:  viroids; lipids; carbohydrates; and toxins [24].  At the same time, the 

 4
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term “prion” was coined to refer to a small proteinaceous infectious particle [24].  

Soon afterwards, the prion protein isoform known as PrP27-30 was discovered 

and found to correlate with infectivity [25,26].  Further studies indicated that 

PrP27-30 was the protease-resistant core of PrPP

Sc
P [27,28]; that it is formed 

through the NH B2 B-terminal truncation of PrP P

Sc
P [4,27–30]; that PrPP

C
P is the normal 

cellular, protease-sensitive form of PrPP

Sc
P/PrP27-30 [4,29]; and that conversion of 

PrPP

C
P to PrPP

Sc
P involves the conversion of a significant proportion of the α-helical 

structure of the protein to β-sheet [2].   

1.1.2 Infectious Protein or Slow Virus 

Despite significant evidence indicating that the causative agent 

responsible for TSEs was composed entirely of an abnormally folded, infectious 

form of a normal cellular protein, this concept remained difficult to accept for 

many researchers.  There were a number of reasons why the so-called “Protein 

Only Hypothesis” [5,22] was difficult to accept, but most revolve around the fact 

that it was highly heretical when compared to the central dogma of biology, that 

genetic information is encoded in DNA, which is transcribed to RNA, which in 

turn is translated into protein.  Despite many examples of viruses with RNA 

genomes, and the existence of reverse transcriptase, these examples at least 

maintain that genetic information is encoded in nucleic acid; the idea that a 

protein can seemingly occupy this role was too much for many to accept.  Two 

aspects of the prion hypothesis were particularly difficult to reconcile.  First was 

the observation that PrP P

C
P and PrPP

Sc
P had identical amino acid sequences [5], and 

yet had two very different conformations [2,3], while one of them caused disease 



and the other was a normal cellular protein.  Second was the existence of 

different strains of scrapie, which were taken as strong evidence against prions 

[31,32].  Since the prion hypothesis requires that host PrPC be converted to 

PrPSc, it would seem to follow that the “strain” would depend only on the amino 

acid sequence of the host.  However, infection of the same host (e.g. a specific 

mouse strain) with different scrapie strains results in infection with different 

characteristics [6,33], that is, the integrity of the infecting strain is maintained.  

Since these arguments hinge largely on the manner in which strains of TSE are 

determined, it is worth examining this issue more closely.   

Prion strains were initially recognized according to differences in clinical 

signs, incubation period, and lesion profile, or the distribution of spongiform 

change in the brain [34–36].  Other characteristics that are now commonly used 

to differentiate between strains include the electrophoretic mobility of PrPSc 

following proteinase K (PK) digestion [7,37,38]; the glycosylation pattern of PrPSc 

[7,38,39]; and histological changes [40–43].  Finally, strain specificity has been 

observed with respect to the following:  the extent of resistance to PK digestion, 

and sedimentation properties of PrPSc [37]; copper binding affinity [44]; and 

resistance to denaturation by chaotropic agents [45].  Opponents of the prion 

theory insist that the only possible explanation for the existence of prion strains is 

the existence of an as yet unidentified associated genome [46], although there is 

no evidence for this [47].  Proponents of the prion theory, on the other hand 

argue that differences between prion strains are determined by alternative 

conformations of PrPSc that are capable of propagating themselves [48–52].  
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Evidence for this argument consists of the identification of strain specific 

differences in PrPSc conformation, identified by a number of methods, including 

Fourier Transform infrared (FTIR) spectroscopy [45,53,54]; conformation-

dependent immunoassays [45,55,56]; and atomic force microscopy [57].  

Furthermore, different PrPSc conformations have been shown to have different 

properties such as their heat stability [45,55].  Despite a number of lines of 

evidence supporting the theory that prion strains are determined by differences in 

conformation, this cannot yet be concluded definitively [58].   

In fact, another characteristic of prion diseases, the so-called species 

barrier, may provide indirect evidence that strain specificity is not enciphered in 

the conformation of individual PrPSc molecules after all.  When infectious material 

from one species, e.g. a sheep, is used to infect another species, typically a 

mouse, disease usually results only after a very long incubation period, and in 

some cases no disease ever develops.  If infectious material from that mouse is 

then used to infect another mouse, the incubation period is greatly reduced, and 

remains constant upon further passages.  The initial, very long incubation period 

is known as the species barrier, and has been proposed to be dependent on 

similarities in amino acid sequence between the infecting and host PrP 

molecules [5].  However, when bank voles were injected with sporadic and 

genetic strains of CJD, no species barrier was evident, despite little homology 

between prion protein genes of humans and voles, and despite the existence of a 

species barrier when voles were infected with prions from sheep, mice, and 

hamsters [59].  An alternative to PrP sequence similarities as a basis for the 
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species barrier may be the prevalence of different glycoforms of PrP.  During 

post-translational modifications, PrPC undergoes glycosylation, which can result 

in mono-, di-, or unglycosylated PrP molecules.  It has been shown that different 

glycoforms of PrPSc, but not PrPC, co-immunoprecipitate [39], and that the most 

infectious form of PrPSc has a mass that is equivalent to between fourteen and 

twenty-eight PrP molecules [60].  It has also been argued that the structure of 

PrP seeds may be determined by the relative prevalence of different glycoforms 

[61].  Taken together, these data support the possibility that prion strains may be 

dependent on the ratios of different PrPSc glycoforms that associate in a complex 

[47].   

Although experimental evidence supports at least two different possible 

mechanisms by which prion strains may be determined by the conformation 

either of individual PrPSc molecules or PrPSc complexes, neither of these 

mechanisms has been proven definitively.  Despite the absence of evidence for 

the existence of a nucleic acid genome associated with TSEs [5,47], opponents 

of the “Protein-Only Hypothesis” [5,22] have come up with colourful explanations 

for this lack of evidence.  Among these were suggestions that a TSE-associated 

virus may incorporate a PrPSc-like protein, or PrPSc itself into its structure, or that 

PrP may be a cell-surface receptor for said virus.  Although small virus-like 

particles have recently been reported in scrapie- and CJD-infected cell cultures 

[62], these reports have not been duplicated or extended to animal studies, and 

there have been countless descriptions of natural and experimental TSEs that 

found no evidence of similar particles.  The argument for a viral cause of TSEs 
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has been adapted in a number of ways to explain particular pieces of 

experimental evidence.  However, there is no single viral hypothesis that can 

explain all of the results that can be explained by PrPSc as the causative agent 

for TSEs [5].   

With this in mind, it is useful to consider all of the evidence in support of 

the prion hypothesis together.  Among the lines of evidence that have already 

been discussed are the resistance of infectivity to UV and ionizing radiation [18–

21]; the inability to identify a nucleic acid or other macromolecule that associates 

with infectivity [5]; the inability to isolate or identify disease-associated viral 

particles, with the recent exception of virus-like particles in cell cultures infected 

with scrapie or CJD [62]; the co-purification of PrPSc with infectivity [25,26], and 

evidence that PrP27-30 and infectivity have similar properties with respect to 

inactivation [63–67]; the potential to explain the existence of the species barrier, 

as a result of sequence non-homology between host and infecting PrP molecules 

[5]; and the potential to explain the existence of strains, either as a result of 

conformational differences in PrPSc molecules [45,48,49,53,54,56,57], or as a 

result of differences in glycoform ratios in PrPSc complexes or seeds [47,61].  A 

number of other lines of evidence also support prions as the causative agent of 

TSEs.  First, mutations in the Prnp gene result in the formation of PrPSc and in 

disease.  In a related matter, the prion hypothesis satisfies an important 

requirement:  it explains how TSEs can have both genetic and infectious causes 

[5].  Finally, two pieces of evidence regarding genetically modified mice support 

PrPSc as the cause of disease:  when PrPC is over-expressed in Tg mice, it 
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results in more extensive formation of PrPP

Sc
P and shortening of the incubation 

period [68]; and mice lacking the Prnp gene are immune to infection with prion 

disease and to replication of prions [69–73].  After many years of controversy, 

perhaps the final hurdle for the prion hypothesis to gain full acceptance is the de 

novo creation of infectivity in vitro.  This result was approached with the 

development of a method to convert PrP P

C
P to PrPP

Sc
P by cyclic amplification of 

protein misfolding [74].  The resulting PrPP

Sc
P was biochemically similar to PrPP

Sc
P 

derived from infected brains, and produced disease when injected into hamsters 

[74], however other cellular components were present as well, failing to eliminate 

the possibility that such a component could be part of the infectious agent.  This 

is perhaps not surprising, and the role of cellular components in the process of 

conformational change producing PrP P

Sc
P will be discussed below.  Even in view of 

a body of very convincing data, some researchers continue to distrust the prion 

hypothesis [62], indicating that it may never be fully accepted. 

1.2 The Prion Protein 

1.2.1 Structure 

PrPP

C
P can be divided into two parts:  the unstructured, flexible amino-

terminal tail; and the carboxy-terminal end, which contains regions of secondary 

structure, including three α-helices [75,76], a loop that is flexible in most species 

[75], but rigid in elk and deer [77], and two short strands of anti-parallel β-sheet 

that flank the first α-helix [78].  Beginning with the amino-terminal end of the 

protein, there is a short signal peptide that is removed by signal peptidase in the 

endoplasmic reticulum [76].  Downstream of this are two highly conserved 
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regions:  a region that has been proposed to bind copper [79], consisting of five 

octapeptide repeats [78]; and a domain that has been called the “hydrophobic 

core” [75]; these two domains are separated by a hydrophilic domain known as 

the charge cluster, the carboxy-terminal end of which is also the boundary of the 

PK-resistant fragment of PrPP

Sc
P [75].  The carboxy-terminal end of the protein is 

home to the regions of secondary structure, as mentioned above.  In addition to 

the α-helices, β-sheets, and loop structure, it also contains a disulfide bridge, 

between cysteine residues 179 and 214, which stabilizes α-helices two and three 

[80].  Following cleavage of the carboxy-terminal membrane attachment domain, 

a glycosyl phosphatidyl inositol (GPI) anchor is added, which allows PrPP

C
P to 

attach to the external side of the plasma membrane [81,82].   

The carboxy-terminal end of PrP P

C
P also has two glycosylation sites, at 

asparagine residues 181 and 197 [75,76].  Although di-glycosylated forms of 

PrPP

C
P are most common in all species, un- and mono-glycosylated forms are also 

observed [83].  While all glycoforms of PrP P

C
P can be converted to PrP P

Sc
P, there is 

variation in the ratio of glycotypes between prion strains [83].  In vitro studies of 

glycosylation mutants in which glycosylation is prevented at one or both sites 

have indicated that mutant PrP P

C
P localizes intracellularly rather than at the cell 

surface [84], and that glycosylation is not required for PrP P

Sc
P formation [85].  A 

number of research groups have also developed transgenic mice that express 

glycosylation mutants in which glycosylation at one or both sites is prevented 

[83,86–89].  Results of infection of these mice with different prion strains proved 

variable.  One group reported that mice expressing only unglycosylated PrP were 



resistant to two different prion strains [88], while another found that both 

monoglycosylated mutants were susceptible to two strains of scrapie as well as 

BSE [89].  The third group found that while mutants expressing only 

unglycosylated PrPC produced PrPC that was primarily localized intracellularly, 

this did not result in spontaneous formation of PrPSc [86].  Furthermore, when all 

three mutant lines were infected with two different scrapie strains, susceptibility 

was dependent on both the infecting scrapie strain and on the glycosylation 

status of the mice, but glycosylation of host PrPC was not an absolute 

requirement for disease susceptibility or for transmission of infectivity [87]. 

1.2.2 Normal Localization and Cycling of PrPC

 On the cell surface, PrPC can be found mostly in lipid rafts [90–92], 

although at least some PrPC is constitutively found on the plasma membrane 

outside of lipid rafts [76].  It makes sense that PrPC should be found in lipid rafts 

when it is on the cell surface, since it has three distinct raft-localization signals:  

its GPI anchor; a raft-localization signal in the first 28 amino acid residues of the 

amino-terminus [93,94]; and the disulfide loop between residues 179 and 214, 

which has the binding properties of a sphingolipid binding domain [95], a major 

component of lipid rafts.  It has been shown that PrPC molecules leave lipid rafts 

every few minutes; are endocytosed via clathrin-coated pits; and wind up inside 

recycling endosomes [96].  The amino-terminus of PrPC is both necessary and 

sufficient for endocytosis via clathrin-coated pits [96–98], and has also been 

identified as a binding site for heparan sulphate and glycosaminoglycans (GAGs) 

[99,100], which suggests that endocytosis may involve heparan sulphates [95].  
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Heparan sulphates commonly act as co-receptors for the low density lipoprotein 

(LDL) receptor-related protein (LRP1), which is constitutively endocytosed [95].  

Very recent findings indicate that PrPC associates with LRP1 during endocytosis, 

and that this association is required for endocytosis to occur [101,102].  

Furthermore, it appears as though LRP1 may also be responsible for trafficking 

of PrPC to the cell surface following synthesis [101].  Taken together these results 

indicate a cycle, summarized largely in [95], consisting of the following steps:  

unbound PrPC on the cell surface exists mainly in lipid rafts.  PrPC leaves the 

rafts in association with LRP1 and possibly a heparan sulphate.  This complex is 

then endocytosed in clathrin-coated pits, and trafficked through sorting 

endosomes into a recycling endosome, which returns PrPC to lipid rafts on the 

cell surface, where the cycle begins anew.   

1.2.3 Conversion of PrPC to PrPSc

 The mechanism by which PrPC undergoes a conformational change to 

produce PrPSc remains unclear.  Two theories were proposed in the 1990s to 

explain this conversion:  the template-assisted model [103,104], and the 

nucleation-polymerization model [105,106].  More recently, a third theory has 

been proposed, the nucleated-assisted model [76].  The template-assisted model 

may be summarized as follows [103,104]:  PrPC is capable of taking on an 

intermediate conformation, PrP*, which may be partially unfolded.  While in this 

alternative conformation, the PrP* molecule binds to some host conversion 

factor; this has been called Protein X [107], but it is possible that this role could 

be played by a species other than a protein.  Association with Protein X is 
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proposed to be necessary for PrP* to be bound by a molecule of PrPSc.  PrPSc 

then acts as a template to refold PrP*, forming a second molecule of PrPSc.  In 

comparison, the nucleation-polymerization model [105,106] requires neither an 

intermediate form of PrP, nor a Protein X or other host factor.  Rather, it suggests 

that PrPC and PrPSc exist always in equilibrium.  However, monomers of PrPSc 

are unstable, and require polymerization to become stable.  As such, the initial 

formation of stable PrPSc requires a number of PrPSc molecules to become 

associated and oligomerize.  Once a PrPSc oligomer has been formed, it can 

recruit PrPSc monomers and stabilize them, shifting the equilibrium towards the 

formation of PrPSc.   

 In considering these two models of conversion, two clear distinctions can 

be made:  the template-assisted model requires some kind of host factor (such 

as Protein X), while the nucleation-polymerization model does not; and the 

nucleation-polymerization model requires PrPSc aggregates, while the template-

assisted model does not [108].  Beginning with the first difference, if no host 

factor is required for conversion, then it should be possible to replicate PrPSc in 

the absence of other biological components.  However, to date, even those 

procedures that have come closest to this, amplifying both PrPSc [109,110] and 

infectivity [74], have done so from brain homogenate, indicating that other 

molecules may be required for conversion [108].  A number of other studies have 

also provided evidence of a requirement of some kind of cofactor [107,111,112].  

On the other hand, the template-assisted model assumes that monomers of 

PrPSc represent the infectious form, and that PrPSc aggregates are not required.  
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Recent data, however, have revealed that oligomers of fewer than six PrP P

Sc
P 

molecules were non-infectious in hamsters, and oligomers with mass equivalent 

to between fourteen and twenty-eight PrP P

Sc
P molecules corresponded to the most 

infectious form [60].   

 In response to the body of data, which refutes aspects of each of the 

above models, Abid and Soto recently suggested a third theory, which they 

termed the nucleated-assisted model [76].  This model combines aspects of each 

of the earlier theories in an attempt to satisfy the available body of evidence, and 

may be summarized as follows:  similarly to the template-assisted model, it 

requires both an intermediate, partially unfolded conformation PrP* and some 

host conversion factor, but it states that PrPP

Sc
P never exists as a monomer.  The 

first step in the process involves association of PrP* with the conversion factor.  

In this state, molecules of PrP*, bound to the conversion factor, can associate; if, 

and only if, some minimum number of PrP* molecules associate in this manner, 

they can form an intermolecular β-sheet, which corresponds to PrPP

Sc
P.  The 

resulting PrPP

Sc
P oligomer would then be capable of recruiting further molecules of 

PrP*, as well as acting as an infectious molecule. 

 At present none of the above models have been proven, and the 

mechanism by which PrP P

C
P is converted to PrP P

Sc
P is unresolved.  Clearly, this 

remains one of the most pressing issues in prion research.  Besides the 

mechanism of conversion, the site of conversion also remains unknown.  In order 

to narrow down the possible sites of initial contact between PrPP

C
P and PrPP

Sc
P, it is 

worth revisiting some aspects of PrPP

C
P cycling.  Since PrPP

C
P is endocytosed 



through clathrin-coated pits and transported to recycling endosomes [96], and 

PrPSc is transported to lysosomes following endocytosis [95], it is unlikely that 

these two molecules would come into contact inside the cell unless they were 

endocytosed within the same clathrin-coated pit.  If PrPC and PrPSc are 

endocytosed within the same clathrin-coated pit, then they likely would come into 

contact at the cell surface.  If this is the case, then initial contact could occur 

either inside lipid rafts, or outside of them.  A number of lines of evidence indicate 

that lipid rafts may be protective of PrPC:  GPI-anchored PrPC has been shown to 

be resistant to conversion [113]; when recombinant PrP is anchored to a lipid 

bilayer through a GPI anchor, it adopts the PrPC conformation [114,115]; in a 

scrapie model, inhibition of sphingomyelin [116] or cholesterol [117,118] 

production (which would each result in depletion of lipid rafts) increased scrapie 

infectivity [116] and the amount of misfolded PrP in the endoplasmic reticulum 

[117,118].  PrPSc has also been observed to float at a higher density than PrPC in 

detergent resistant membranes (DRMs) produced from cell culture or brain tissue 

[91,119].  This may provide a mechanism for a potential protective effect of lipid 

rafts, by sequestration of PrPC and PrPSc from each other [95].  Taken together, 

these data suggest the cell surface, outside of lipid rafts as the most likely site of 

initial contact between PrPC and PrPSc. 

1.2.4 Function of PrPC

 PrPC is highly conserved evolutionarily [120], indicating that it probably 

has an important function.  However, despite the identification in 1986 of the 

Prnp gene that encodes PrPC [28], and the creation of the first PrP knockout 
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mice in 1992 [121], pinning down the critical function of PrPC has proven elusive.  

In fact, PrP-null mice have shown no major developmental or cognitive problems, 

or neurodegeneration [121,122], even when gene knockout is executed post-

natally [123].  Having said that, evidence exists for a wide range of functions of 

PrPC, including roles in signal transduction, copper binding, cell adhesion, and 

various protective effects.  Protective effects of PrPC include protection/rescue of 

cultured cells from apoptosis induced by Bax [124,125]; serum deprivation 

[126,127]; and Doppel (Dpl) [128,129].  PrPC may also protect against oxidative 

stress, since cell cultures derived from PrP-null mice are more susceptible than 

cells expressing PrP to oxidative stress [130,131], and brain tissue from PrP-null 

mice display biochemical changes that are indicative of oxidative stress [132].  

There is also evidence that PrPC inhibits the phagocytic activity of macrophages, 

indicating that it may limit the inflammatory response to damaged or apoptotic 

cells, which would be of particular importance in the brain [133].  A number of 

studies have shown that PrPC binds copper [134–137], indicating that PrPC may 

be a receptor for the cellular uptake or efflux of copper [138].  PrPC has also 

been shown to be involved in cell signalling through a number of pathways, 

including fyn [139–141]; STI-1 [142–144]; p38 MAPK [145]; and PKC, PKA, PI-3 

kinase/Akt, and ERK [140,141].  PrPC may be involved in cell adhesion, since it 

binds neural cell adhesion molecule (N-CAM) [146] and laminin [147].  Finally, 

PrPC may play a role at the synapse, since it has been shown to be involved in 

the elaboration of axons and dendrites, and it increases synaptic contacts [140].  
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While the above list is not exhaustive, it nonetheless provides an indication of the 

many possible functions of PrPC.  

1.3 Prion Disease Pathogenesis 

The pathogenesis of prion diseases may be broken down into three steps:  

infection and replication in the periphery; neuroinvasion; and neurodegeneration.  

Depending on the route of infection, not all of these steps are required.  For 

example, following intra-cerebral infection of experimental animals, the agent is 

already in the brain and need only to replicate and initiate neurodegeneration.   

1.3.1 Infection and Replication of Prions in the Periphery 

 In describing prion infection and replication of prions outside the central 

nervous system, the first consideration is the portal of entry into the body.  

Replication in the periphery is irrelevant to disease pathogenesis when the 

infectious agent is introduced directly into the central nervous system.  This 

occurs in a number of categories of prion disease, including intra-cerebral 

infection of experimental animals; iatrogenic infection through dura mater 

transplant; and presumably in familial and sporadic forms of prion disease when 

the initial appearance of PrPSc occurs in the brain.  Categories of prion disease 

that involve entry through the periphery, and therefore require significant 

replication in the periphery include intra-peritoneal infection of experimental 

animals; oral infection, including in BSE and vCJD; infection through blood 

transfusion; and iatrogenic infection resulting from administration of human 

growth hormone, or through the use of improperly sterilised surgical equipment. 
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 Most peripherally acquired prion diseases require replication in the 

lymphoreticular system before neuroinvasion can occur [75,148].  A number of 

lines of evidence indicate that follicular dendritic cells (FDCs) represent the 

critical cell type for PrPSc replication in the periphery.  FDCs have been shown to 

accumulate PrPSc following peripheral infection [149], and dedifferentiation or 

inactivation of FDCs delays neuroinvasion and reduces susceptibility to 

peripheral prion infection [150–153].  B-cells are also critical for peripheral spread 

of prions and neuroinvasion [154,155], but neuroinvasion can occur in the 

absence of PrPC expression on B-cells [154,156,157].  Prevention of B-cell 

signalling has also been shown to prevent the maturation of FDCs and inhibits 

prion replication in the periphery and neuroinvasion [151,158].  Taken together, 

these data indicate that the requirement of B-cells for neuroinvasion is based on 

the requirement of B-cell signalling for the formation of mature FDCs.  The 

complement system may be involved in early prion spread and replication, since 

the absence of some complement components and complement receptors 

inhibits the accumulation of PrPSc in the spleen [158,159].  Complement 

components and receptors are required by FDCs in order to retain immune 

complexes [160], providing a potential mechanism for the requirement of 

complement for efficient spread and replication of PrPSc [148].   

 If FDCs are the critical cell type for prion replication and neuroinvasion, 

then transportation of PrPSc from its portal of entry to FDCs is also critical.  When 

PrP-null mice received wild type bone marrow and were infected with scrapie, 

there was no neuroinvasion [156], but PrPSc accumulated in the spleen 
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[156,161].  These data have been interpreted as an indication that 

haematopoietic cells transport PrPSc from its portal of entry to FDCs [162].  Two 

possible cell types that may be considered for this role are macrophages and 

dendritic cells (DCs).  Some experimental results indicate that macrophages may 

be involved in clearance of prion infection [163,164].  DCs are responsible for 

sampling antigens and transporting them to lymphoid tissues [165].  Although 

antigens presented by DCs may be degraded, some DCs have been shown to 

retain PrPSc in its native state during transportation [166,167].  Despite these 

data, the role of DCs in transportation of PrPSc to FDCs is not yet conclusive 

[148].  Even if DCs are responsible for transportation of PrPSc to FDCs, the 

mechanism of transfer between cells remains unclear, although it may involve 

exosomes containing PrPSc [148].   

 Prion infection by the oral route represents a special case with respect to 

pathogenesis, since the infectious agent must somehow move out of the 

digestive system.  A number of studies have found that following oral infection, 

prion infectivity accumulates in the intestines very early [150,168–171]; in orally 

infected hamsters, early prion accumulation occurs in the gut-associated 

lymphoid tissue [172].  In order to be accessed by DCs, or other cells responsible 

for transport to FDCs, PrPSc must cross the intestinal epithelium.  One study has 

suggested that this may be accomplished by translocation through M cells [173], 

although it is also possible that DCs directly acquire PrPSc by extending their 

dendrites into the intestinal lumen [148].  Another special case of prion disease 

pathogenesis involves infection through transfusion with infected blood.  This 

 20



route of infection has resulted in at least three cases of vCJD [174–176], but the 

details of pathogenesis, including the blood-borne cells that act as PrPSc carriers 

are currently unknown [75].   

1.3.2 Neuroinvasion 

 Following replication in FDCs, PrPSc is thought to invade the peripheral 

nervous system, and move to the brain either via the spinal cord or by bypassing 

the spinal cord altogether.  The first step in this process involves translocation of 

PrPSc from FDCs to peripheral nerves.  The mechanism by which this occurs 

remains unclear, but the speed of neuroinvasion is affected by the distance 

between FDCs and splenic nerves [177].  Once inside the nerves, PrPSc is 

thought to be transported to the CNS via the autonomic nervous system [178–

180].  It has been suggested that innervation of the secondary lymphoid organs 

represents the rate-limiting step in neuroinvasion, since sympathectomy delays 

or even prevents scrapie, and hyper-innervation enhances neuroinvasion and 

reduces incubation time [181].  A number of studies have described the 

sequential passage of PrPSc along the spinal cord following peripheral infection 

[182–184].  However, it appears as though in at least some models, PrPSc can 

reach the brain through an alternative pathway that bypasses the spinal cord 

[182,183,185].   

1.3.3 Neurodegeneration 

 Once PrPSc arrives in the brain, the resulting pathology has been well 

documented, and includes deposition of PrPSc; spongiform change; gliosis, and 

neuronal loss.  However, the reason for the initiation of neurodegeneration 
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remains unclear.  In general terms, potential reasons for neurodegeneration 

include a toxic function of PrPSc; a loss of function of PrPC; or modulation of 

function of PrPC.  Although this subject remains one of the major unknown areas 

of prion research, many hypotheses have been put forward to explain the 

observed neurodegeneration.  Potential toxic functions of PrPSc that have been 

suggested include induction of apoptosis, and interference with axonal transport 

or synaptic function [186].  Alternatively, neurodegeneration may result from a 

loss of function of PrPC, although the relative health of PrP-null mice [121–123] 

would seem to argue against this mechanism.  Having said that, many different 

potentially important functions have been proposed for PrPC (and discussed 

above) including cellular protection from apoptosis and oxidative stress; signal 

transduction; and synaptic functions.  As a loss of any of these functions could 

presumably lead to cell death, it is not unreasonable to view loss of PrPC function 

as an important pathogenic mechanism.  A potential explanation for the good 

health of PrP-null mice, could be that the protective function(s) of PrPC are 

dispensable under normal conditions, and that it is only under conditions of 

stress that the loss of these functions leads to neurodegeneration [186].   

 Some experimental results indicate a requirement for both PrPSc and PrPC 

for neurodegeneration and neuron toxicity, seemingly supporting the third 

potential mechanism of neurodegeneration, modulation of PrPC function.  PrP-

null neurons are resistant to any potential toxic effects of PrPSc [187,188].  This is 

more compelling evidence for a modulation of PrPC function than the observation 

that PrP-null mice are immune to prion disease [69,70,189], since in the latter 
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case it could be argued that this lack of susceptibility is due to insufficient 

amounts of PrPSc, since it cannot replicate without PrPC.  In comparison, if PrPSc 

were in itself toxic, PrP-null neurons would be expected to be susceptible to this 

toxicity.  The observations in mice expressing PrPC that lacks the GPI anchor 

provide both further evidence for a modulation of PrPC function as a cause of 

neurodegeneration and one potential mechanism [190].  When infected with 

scrapie, these mice exhibited accumulation of PrPSc amyloid plaques, in the 

absence of brain pathology and neurological symptoms [190].  These data 

indicate a requirement of PrPC to be membrane bound in order to transduce a 

toxic signal as a result of interaction with PrPSc [186].  Although the available 

data may be used to argue for any number of mechanisms to explain the 

initiation of neurodegeneration as a result of prion disease infection, both normal 

PrPC function and the effects of PrPSc must be further clarified before all of the 

details of disease pathogenesis can be described.   

1.4 Methods Used to Investigate Prion Disease 

 Prion diseases are characterized by the deposition of PrPSc, the 

appearance of vacuoles, and gliosis in the brain [5].  Different strains can be 

distinguished by the distributions of these histological markers in a given host.  

However, the unequivocal diagnosis of most prion diseases requires the post-

mortem collection of central nervous system tissue, either for histological 

examination or Western blot analysis.  In addition a number of other methods 

have been developed to address the particular problems posed by prion 

diseases. 
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1.4.1 Histological Techniques 

 The classical method for the investigation of prion disease is the 

examination of paraffin-embedded tissue sections for spongiform change.  

Before the discovery of the prion protein, the most important indicator of prion 

disease was the presence of vacuoles in the brain.  The distribution of vacuoles 

within different brain regions, known as the lesion profile, is used to distinguish 

between different strains of prion disease [33,191].  The degree of spongiform 

change is most often scored on a 0-5 scale, with each number corresponding to 

a verbal description [191].  Subsequently, imaging techniques were devised in 

order to remove the subjectivity inherent in this scoring method, as well as the 

requirement for a very experienced pathologist to score the sections of interest 

[192–194].   

 The discovery of the prion protein allowed for the development of 

immunohistochemical protocols to study the distribution and progressive 

appearance of PrPSc in infected brain tissue.  The first of these techniques is 

analogous to the evaluation of spongiform change:  monoclonal antibodies that 

recognize the prion protein are used to visualize the distribution of PrP on 

paraffin-embedded tissue sections.  Two variations on this theme have also been 

developed:  histoblots and paraffin-embedded tissue (PET) blots.  The procedure 

for histoblotting involves the transfer of a frozen tissue section onto a 

nitrocellulose membrane, followed by limited proteolysis with proteinase K (PK), 

and finally immunostaining using antibodies that recognize PrP [195].  This 

technique allows for the visualization of PrPSc deposition in an entire coronal 
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tissue section, and proteolysis with PK digests PrPC, so that staining is the result 

of PrPSc only.  The PET blot technique is very similar to histoblotting, except that 

it involves transfer of paraffin-embedded tissue sections onto a nitrocellulose 

membrane; this is followed by proteolysis with PK, and immunostaining [196–

198].  PET blotting retains the advantages of histoblotting, has been shown to be 

more sensitive than immunohistochemistry, Western blotting, and histoblotting 

with respect to detection of PrP [196], and has even been used as a means of 

strain typing [198].  All three of these techniques can also be applied to the 

evaluation of gliosis by immunostaining for glial fibrillary acidic protein (GFAP), 

although only traditional immunohistochemistry is commonly used for this 

application. 

1.4.2 Immunoassays Involving Brain Homogenates 

 The most frequently used immunoassay is the Western blot of infected 

tissue.  It is carried out in the same manner as any other Western blot, except 

that each sample is divided into two aliquots, one of which is treated with PK.  

Infected and uninfected samples are indistinguishable when their untreated 

(without PK) aliquots are compared, with a band in the range of 33 kilodaltons 

(kDa).  Since PrPSc is partially resistant to PK digestion, running the PK-digested 

aliquot results in a band of 27-30 kDa, while the lane with uninfected tissue is 

empty, because of the sensitivity of PrPC to PK digestion.   

 The conformation-dependent immunoassay (CDI) makes use of the fact 

that the immunoreactivity of PrPSc is increased through denaturation, while that of 

PrPC is not [45].  CDI is an adaptation of ELISA, in which samples are divided 
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into two aliquots, one of which is denatured by treatment with guanidine 

hydrochloride [45,199].  Binding is then quantified using dissociation-enhanced 

time-resolved fluorescence spectroscopy, and the ratio of PrP detected in the 

denatured and native states is determined [45,199].  This method has been 

shown to differentiate between different prion strains, since this ratio is 

characteristic of different strains [45,55,200,201]. 

 Homogenates of brain or other tissues can be enhanced for prion content 

by the process of precipitation with sodium phosphotungstic acid [45,202].  

Beginning with the brain homogenate, gross cellular debris is removed by 

centrifugation, and the supernatant is incubated with sarkosyl before the addition 

of sodium phosphotungstic acid and magnesium chloride [45,202].  Following 

centrifugation, the pellet is resuspended in either water [45] or phosphate 

buffered saline containing sarkosyl [202]. 

1.4.3 Proteomics and Microarrays 

 Proteomics and microarrays provide means to study the host response to 

infection by examining protein and gene expression, respectively.  Proteomics 

involves the comparison of protein expression between infected and uninfected 

animals [203] or cells [204], or human tissues [205], and can be carried out at 

different stages of disease pathogenesis.  Three steps are generally involved:  

separation of proteins according to size and charge by two dimensional gel 

electrophoresis; identification of these proteins by mass spectrometry; and 

comparison of the characteristics of the proteins in the samples to information 

obtained from protein databases [203–205].  Information that can be obtained 
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includes differences in the amount of protein expressed between infected and 

uninfected tissues, as well as any changes in the proteins themselves.  

Applications of this technique include the identification of differences in protein 

expression that can be used as markers of disease state [205]; mechanisms 

underlying the mode of action of anti-prion drugs [204]; and preclinical changes 

that may shed light on the processes behind disease pathogenesis [203], among 

others. 

 Microarray analysis explores gene expression in tissues, allowing high-

throughput evaluation of huge datasets.  RNA is isolated and purified, and used 

as a template to produce cDNA [206–209].  Depending on the microarray chip 

being used, either labelled cDNA is hybridized to a DNA chip [208,209], or cDNA 

is used as a template to produce antisense cRNA which is in turn labelled and 

hybridized to an RNA chip [206,207].  Microarray software is then used to identify 

genes that are either up- or down-regulated in infected tissues [206–209].  This 

technique has been used to identify differences in gene expression in humans 

[206], and in animals at different stages of disease progression [207,209], and to 

classify scrapie strains according to expression profiles [208]. 

1.5 Prion Diseases of Animals 

1.5.1 Scrapie 

Scrapie, which naturally affects sheep and goats, is the prototypical TSE, 

and has been recognised at least since the 18th century [210]; a complete listing 

of all currently known prion diseases can be found in Table 1.  Scrapie got its 

name because a common behavioural manifestation of the disease is that sheep  
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Table 1.  Prion Diseases of Humans and Animals. 
Host Disease 

Sheep, goats, moufflon Scrapie 
Bovine Spongiform Encephalopathy (BSE) 

Bovine Amyloidotic Spongiform  Cattle 
Encephalopathy (BASE) 

Elk, whitetail and mule deer Chronic Wasting Disease (CWD) 
Exotic ungulates  

(greater kudu, nyala, oryx) 
Exotic ungulate encephalopathy 

Mink Transmissible Mink Encephalopathy (TME) 
Cats, including some Big Cats Feline Spongiform Encephalopathy (FSE) 

Kuru 
Gerstmann-Sträussler-Scheinker  

Syndrome (GSS) 
Fatal Familial Insomnia (FFI) 

Fatal Sporadic Insomnia (FSI) 
Creutzfeld-Jakob Disease (CJD) 

Sporadic CJD (sCJD) 
Familial CJD (fCJD) 

Iatrogenic CJD (iCJD) 

Humans 

Variant CJD (vCJD) 
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rub their bodies against the fence posts and wires of their pasture. Scrapie can 

be transmitted through contaminated feed; however, it can also be transmitted to 

sheep sharing a pasture with an affected animal.  It is not yet clear how this 

horizontal transmission occurs, but recent data indicate that prion-contaminated 

soil retains infectivity [211–213], and may even enhance it [213].   

There are approximately twenty known scrapie strains, none of which 

have been shown to cross the species barrier to humans, although it has been 

suggested that some cases of sCJD in humans are caused by a scrapie strain 

[214]; this assertion remains unconvincing based on the current data.  Scrapie 

has historically been the prion disease of choice for animal research because of 

the development of many rodent-adapted strains that result in highly reproducible 

disease in inbred mice.  However, most scrapie strains have incubation periods 

of at least 150 days in mice.  In comparison, the 263K strain of scrapie has an 

incubation period of 68-71 days following intra-cerebral infection of Syrian golden 

hamsters [215,216].  The 263K strain was developed by serially passaging the 

Chandler strain of scrapie in hamsters [215,217].  In these experiments, 

incubation time only became stable as of the fifth passage [217], and it was 

determined that there were at least two different strains present even as late as 

the third passage [217].  One of these strains was highly pathogenic in mice, 

while the other, 263K, was not [217].  Following the fifth passage, only the latter 

strain remained in brain homogenates, providing some evidence that the process 

of adaptation of a strain to a particular host may involve selection of a single 

strain from a mixture [217]. 
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Most of the characterization of the 263K strain of scrapie was carried out 

in the labs of Liberski, and of Kimberlin and Walker, who developed the strain.  

Besides its short incubation time, 263K scrapie is most remarkable for its high 

infectivity titres in the brains of clinically diseased hamsters, compared to most 

strains of murine scrapie [215].  263K scrapie shares with other prion diseases 

the characteristic hallmarks of spongiform change, PrPSc deposition, and gliosis.  

Much of the characterization of 263K scrapie was carried out either before the 

identification of the prion protein, or very soon after; for this reason, the most 

systematic studies deal mainly with spongiform change and gliosis.   Compared 

to other scrapie strains, vacuolation in 263K scrapie develops relatively late in 

the incubation period [218].  With respect to both spongiform change [219] and 

gliosis [219,220], at the end stage of disease, the regions of the brain that are 

most affected are the brain stem, the thalamus, the hypothalamus and the 

hippocampus.  In addition, gliocytosis (the combination of hypertrophy and 

hyperplasia of astrocytes, along with the proliferation of rod-like microglial cells), 

which is a rare phenomenon in murine scrapie, has been described in hamsters 

infected with 263K scrapie [220].  Two studies have sequentially evaluated 

spongiform change and gliosis following i.c. infection in 263K scrapie-infected 

hamsters [219,221], allowing for comparison with the data collected during the 

experiments described in this volume.   

A number of studies describe pathology in Syrian golden hamsters 

following infection with the Sc237 strain of scrapie, and can be used as a basis 

for comparison of the sequential appearance of PrPSc with the data collected in 

 30



this experiment.  Sc237 was the agent that produced 263K following multiple 

passages in hamsters [217], and it is likely that upon multiple passages in the 

hands of other researchers, the same strain was produced [222].  Studies using 

Sc237 indicate that PrPSc deposition correlates with vacuolation and gliosis 

[222,223]; that PrPSc appears one to two weeks before gliosis in a given brain 

region [223]; and that the thalamus and the septum are the two regions affected 

first, as early as 14 to 21 and 28 days post infection, respectively [222,223].   

1.5.2 BSE  

BSE, or mad cow disease, as it is sometimes known, became epidemic 

through the use of meat and bone meal (MBM) as a protein supplement in cattle 

feed.  MBM was composed of the offal of cattle and sheep, as well as chickens 

and pigs.  It is widely accepted that the cause of the epidemic was a change in 

rendering practices in the late 1970s, which resulted in a higher fat content in 

MBM [224].  As a result, it is believed that scrapie prions were no longer 

eliminated in the rendering process, and that they were subsequently able to 

cross the species barrier and cause disease in cattle [210].  Another possibility is 

that bovine prions already existed at a low level, and that the change in rendering 

procedures allowed their presence to be greatly amplified in the population.  The 

latter hypothesis is perhaps more attractive since all mammals express PrP 

[103].  It is thus conceivable that a sporadic prion disease could exist with a low 

level of incidence in any mammal.  The presence of the disease could easily go 

undetected if the incubation period for the disease in that species is longer than, 

or almost as long as, the normal lifespan of that species.  Support for this 
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explanation as the origin of BSE comes from recent data regarding atypical BSE.  

During the course of surveillance for BSE in Europe and Japan, cases of BSE 

exhibiting unusual characteristics have been identified [225–228].  These 

potential new strains have since been transmitted to mice [225,229–231], and a 

haplotype of the Prnp gene appears to associate with atypical BSE [232].  Most 

strikingly, when the BASE (bovine “amyloidotic” spongiform encephalopathy) 

strain of atypical BSE was serially passaged in mice, the molecular and 

neuropathological disease phenotype was identical to that caused by BSE, 

possibly suggesting the origin of BSE [229].   

1.6 Prion Disease of Humans 

1.6.1 CJD  

CJD is the most common human TSE, with sCJD representing 90% of 

CJD cases [233].  All forms of classical CJD are characterized by progressive 

dementia, myoclonus, ataxia and a characteristic electroencephalogram (EEG) 

[234].  The familial prion diseases, including fCJD, are caused by mutations to 

the Prnp gene that follow the pattern of autosomal dominant inheritance [5].  At 

least twenty mutations to Prnp have been found so far [235].  Genetic linkage 

has been documented in a number of these mutations [236–240], and all cases 

of inherited prion diseases have proven to have a mutation in the Prnp gene 

[235].  Iatrogenic CJD (iCJD) is acquired through surgical procedures, or through 

the administration of human products as a treatment.  The most common 

sources of infectivity are dura mater grafts and cadaveric human growth hormone 

(hGH) [241], but other cases have arisen after corneal transplants [242], through 
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the use of contaminated neurosurgical instruments [243], electroencephalogram 

(EEG) depth probes [244], and from pituitary-derived gonadotropin [245,246].   

It is unclear how sporadic prion diseases are acquired, but three 

hypotheses have been put forward.  The first states that somatic mutations to 

Prnp are responsible.  If this is the case, the same mutations that cause familial 

TSEs in germ line cells cause sporadic TSEs when they occur in somatic cells.  

The second hypothesis is that PrPC is spontaneously converted to PrPSc by some 

unknown mechanism [247], perhaps due to random protein misfolding.  The third 

and final hypothesis states that sporadic prion diseases are transmitted 

horizontally between humans, or between humans and animals [248].  In support 

of this hypothesis, Lasmézas et. al. suggest that some sCJD cases may share a 

causative agent with certain scrapie strains [214].  They found that the shape of 

the lesion profiles that resulted when C57BL/6 mice were injected with either 

scrapie from a French experimental flock, or sCJD or iCJD from two French 

patients were similar, although the intensities differed.  In addition, the incubation 

times were similar, although not identical [214].  For a more convincing case, 

incubation times upon serial passage, which have not been reported, should be 

identical. It is not impossible that a proportion of sCJD patients could represent 

transmission to humans of animal TSEs, but evidence of this has not been 

convincing.    

1.6.2 vCJD 

 The epidemic of Bovine Spongiform Encephalopathy (BSE) in the United 

Kingdom, which began with the first recognized case in 1986 [249], is also a very 
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real threat to human health, due to the emergence of variant Creutzfeld-Jakob 

disease (vCJD) in the mid-1990s [250,251], and the discovery that it was caused 

by ingesting BSE-infected beef [6,252,253].  Several lines of evidence now 

suggest that vCJD is caused by eating beef from cattle infected with BSE, 

including similarities in lesion profiles, incubation times and PrPSc glycoform 

patterns of BSE and vCJD in mice, and infection of non-human primates with 

both BSE and vCJD.  Lasmézas et. al. [254] inoculated cynomolgus macaques 

intra-cerebrally with BSE, and compared the clinical and pathological features of 

the resulting disease to the existing descriptions of vCJD in humans [255,256].  

The authors found that the morphology of the florid plaques, the distribution of 

spongiform change, and the deposition pattern of PrPSc were strikingly similar to 

vCJD [254]; the macaques even presented with behavioural abnormalities before 

the onset of cerebellar signs [254].  In another study [214], Lasmézas et. al. 

infected cynomolgus macaques intra-cerebrally with vCJD and macaque-

passaged BSE.  In both cases, the clinical and pathological features were the 

same as in the previous study; the incubation time of the disease was decreased 

in macaque-adapted BSE, and was shorter than that of vCJD in macaques, due 

to the absence of a species barrier [214].   

Two studies have used different strategies to show that BSE and vCJD 

share a common causative agent.  Bruce et. al. [6] compared the lesion profiles 

and incubation times in mice of vCJD from three sources, BSE, and sCJD from 

six sources.  Based on the “signature” formed by the combination of the lesion 

profile and the incubation time, they concluded that the prion strain causing vCJD 
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was distinct from that causing sCJD, but that it was indistinguishable from that 

causing BSE.  In the second study [252], Hill et. al. inoculated both transgenic 

mice expressing the human Prnp gene but not the murine Prnp gene, and non-

transgenic mice with BSE, vCJD, sCJD, and iCJD.  In transgenic mice, BSE and 

vCJD were much less efficient than sCJD and iCJD in causing disease.  BSE 

had the longest incubation time, as it was the only inoculum that faced a species 

barrier.  In the non-transgenic mice, vCJD and BSE caused disease much more 

efficiently than either sCJD or iCJD.  Most importantly, on Western blots, sCJD 

and iCJD produced glycoform patterns of types-1-3 when digested with 

proteinase K, while BSE and vCJD produced only the type-4 glycoform pattern.  

When taken together, the evidence provided by the identical glycoform patterns 

[252], the indistinguishable “signatures” composed of the lesion profiles and 

incubation times in inbred mice [6], as well as the clinical and pathological 

similarities in non-human primates [214,254] provide solid evidence that vCJD 

and BSE share a common causative agent. 

Since the first cases of vCJD were identified in the mid-1990s 

[250,251,255], more than two hundred cases have been reported to date, mainly 

in the United Kingdom [257].  The median age of onset of vCJD cases as of 

December 2007 is 28.5 years, with a range of 14 to 74 years [138], much lower 

than traditional sCJD.  The median time from onset of illness to death is 413 days 

[138].  Both the clinical symptoms and the pathology of vCJD are distinct from 

those of classical CJD.  Dementia and other signs of cognitive decline are only 

evident in the late stages of vCJD; early on, depression, apathy, withdrawal, and 
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other psychiatric features, as well as sensory symptoms are the most common 

signs of illness [258].  The typical EEG pattern often observed in classical CJD is 

absent in vCJD [258,259].  Like classical CJD, the affected brain shows 

spongiform change, astrocytic gliosis, and neuronal loss; in addition to these 

signs, large florid Kuru-type plaques can be widespread [260].  Finally, unlike 

classical CJD, vCJD is characterized by the presence of PrPSc in the 

lymphoreticular system [8].  In addition to infection through ingestion of BSE-

infected beef, secondary, human-to-human transmission of vCJD has also been 

reported as a result of blood transfusion [175,261–264].  From an 

epidemiological standpoint, 166 of a total of 207 cases of vCJD reported as of 

April 2008 have occurred in residents of the United Kingdom [257].  Estimates of 

the incubation time of vCJD are difficult to make because the exact time of 

exposure to the agent cannot be pinpointed.  It has been suggested that the 

highest risk of infection of the human population of the UK from BSE was around 

1989-90 [265], although a broader estimate has described the most likely period 

for ingestion of BSE-tainted material as between 1984 and 1989 [266].  Based on 

the incubation time of BSE, and the timing of the identification of the first cases 

(the mid-1980’s), it was suggested that the first cases of vCJD would have had 

incubation periods on the order of eleven years or more [265].  This agrees with 

findings for other human prion diseases acquired orally or through peripheral 

inoculation.  Incubation times for Kuru ranged from four to forty years [266], while 

the mean incubation period for iCJD acquired through injection of hGH was 

estimated at about twelve years [267].   
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 The minimum dose requirement is unknown, and it is unclear whether 

infection occurs through cumulative low doses or one high dose of infective 

material.  Furthermore, as in other acquired human TSEs, a genetic aspect is at 

work as well.  All vCJD patients that developed clinical disease as of 2006 have 

been homozygous for methionine at codon 129 [266].  Similarly, most of the iCJD 

cases related to hGH were valine homozygotes at codon 129 [268], and 

methionine homozygosity resulted in increased susceptibility to Kuru [269–271], 

suggesting that the codon 129 genotype affects susceptibility to, and incubation 

time of human prion diseases.    

1.7 Challenges Facing Prion Disease Research 

 Great advances have been made in prion research since the initial 

recognition that these disparate diseases shared a common cause, and since the 

discovery of the prion protein.  Nevertheless, a number of very important 

problems remain unresolved.  There continues to be no reliable means of prion 

disease diagnosis, particularly in the pre-clinical stages, and no effective 

treatment exists.  Furthermore, the precise function(s) of PrPC remain unclear, 

although it seems as though it is likely responsible for a number of important 

functions. Finally, details of disease pathogenesis require clarification, 

specifically whether disease occurs as a result of a loss or modulation of PrPC 

function or gain of toxic function of PrPSc; the steps in disease pathogenesis 

following peripheral infection, especially following infection through blood 

transfusion; and the mechanistic details of neuroinvasion, and of conversion of 

PrPC to PrPSc.   
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Issues relating to disease pathogenesis and PrPC function have been 

outlined above, and will not be revisited here.  With respect to prion disease 

diagnosis, there is currently no means of unequivocal diagnosis in live subjects, 

with the exception of vCJD, which can sometimes be diagnosed by detection of 

PrPSc in tonsil tissue [8].  When cases present, a suspected diagnosis of TSE is 

made based on patient history, electroencephalogram (EEG), and neurological 

findings [272].  High levels of 14-3-3 proteins in the cerebrospinal fluid provide 

further support for a diagnosis of prion disease [272].  However, unambiguous 

diagnosis requires post-mortem detection of PrPSc in the brain.  Exacerbating the 

absence of a means of definitive diagnosis is the lack of an effective treatment in 

the clinical stage of disease.  If disease could be diagnosed before the 

appearance of clinical symptoms, the effectiveness of any potential treatments 

would likely be increased.  For this reason, the efficacy of magnetic resonance 

imaging (MRI) as a means of diagnosing prion disease in live animals was 

investigated (see below).  

The final major issue remaining in prion disease research is also the most 

important:  a viable treatment for clinical stage disease has not yet been 

identified.  Many different classes of compounds and treatment strategies have 

been tested for anti-prion effects.  A recent publication provided an exhaustive 

review of compounds with anti-prion properties [273].  Among the compounds 

and strategies that have shown promise are polyanions like pentosan 

polysulphate (PPS); polycations like polyamidoamide (PAMAM); amyloid binding 

compounds like congo red; suramin; tetrapyrroles like porphyrin; compounds that 
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are relevant to cholesterol metabolism, like polyene antibiotics; tricyclic 

compounds like quinacrine; cell signalling inhibitors, including inhibitors of 

tyrosine kinase; gene silencing therapy, including through the use of siRNAs; 

immunotherapy, including through the use of anti-PrP antibodies; and 

neuroprotective compounds like flupirtine [273].  Three of these compounds have 

been used to treat human patients:  PPS [274–277]; quinacrine [278]; and 

flupirtine [279].  A double-blind, placebo-controlled study of flupirtine treatment 

did not identify any effect on survival time, but patients receiving flupirtine 

performed better on dementia tests [279].  Quinacrine treatment resulted in short 

term improvements in cognitive function and mood [278].  Success of PPS 

treatment has been variable, with reports of both extended survival time [276], 

and no effect [277].  Taking all twenty-six patients who have received intra-

ventricular PPS into account, beneficial effects could not be proven due to a lack 

of objective criteria for their evaluation [274].  In the study presented here, PPS 

was chosen to treat scrapie-infected hamsters. 

1.8 Magnetic Resonance Imaging 

Magnetic Resonance Imaging (MRI) uses radio frequency (RF) pulses and 

a strong magnetic field to detect changes in soft tissues like the brain.  The 

concepts discussed in this section come largely from the book “MRI Made Easy 

(…Well Almost”) [280], but similar basic MRI background information may be 

found in any MRI textbook.  When a subject is placed within a strong magnetic 

field (like an MRI scanner), the initial random magnetization of individual protons 

inside the subject now aligns with that of the strong external magnet.  The 
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magnetization of the subject is made up of the net magnetic moment of individual 

protons (mainly from water) within the subject.  When placed within a strong 

external magnetic field, the magnetic moments of individual protons move around 

the axis of the external magnetic field, in a manner that can be likened to the 

spinning of a top (this is called precession); for this reason, the magnetic 

moments of individual protons are known as spins.  These spins take on either a 

parallel or an anti-parallel alignment compared to the external magnetic field 

within which they are placed.  The parallel alignment requires less energy, and 

therefore more spins are always found in this alignment, resulting in a net 

magnetic field of the subject that is parallel to that of the external magnetic field. 

 The net magnetization of a subject is made up of its longitudinal 

magnetization (parallel to the external magnetic field) and its transversal 

magnetization (perpendicular to the external magnetic field).  After placement in 

a large magnetic field the longitudinal magnetization of individual spins is 

constant within a typical time constant T1.  At any one moment these spins are 

scattered around the axis of the external magnetic field, the transversal 

magnetizations of individual spins cancel each other out with a typical time 

constant T2 and the subject has a net transversal magnetization of zero.  When 

an RF pulse is applied to the system, the base situation described so far is 

altered in two ways:  the RF pulse supplies energy, which is absorbed by the 

spins, allowing them to take on the anti-parallel alignment, and therefore 

reducing the net longitudinal magnetization; and the RF pulse causes spins to 

move in phase, which results in a net transversal magnetization that spins 
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around the axis of the external magnetic field.  Conversely, when the RF pulse is 

switched off, the system gradually returns to its previous state, allowing for the 

measurement of two effects:  Longitudinal, or T1, Relaxation; and Transversal, or 

T2, Relaxation.   

 Longitudinal Relaxation is the phenomenon by which the net longitudinal 

magnetization returns to normal.  This process involves the release of energy by 

individual spins to the surroundings, or lattice; for this reason, it is also known as 

Spin-Lattice Relaxation.  T1 relaxation is influenced by the similarity in frequency 

of the precession of the spins of interest, compared to those in the lattice:  the 

closer these frequencies, the shorter the T1 relaxation time.  In comparison, 

Transversal Relaxation is the phenomenon by which the net transversal 

magnetization returns to zero.  This occurs as spins gradually exchange 

polarization, not affecting the net polarization, and by doing so obtaining a 

random phase factor.  As a result the net transversal magnetization decays 

without affecting the longitudinal magnetization.  This process of parallel and 

anti-parallel spins exchanging energy, without losing any energy to the 

surrounding lattice, is also known as Spin-Spin Relaxation.  T2 relaxation is 

influenced by the homogeneity of the magnetic field, such that decreased 

homogeneity results in a decrease in the T2 relaxation time.  This effect is often 

referred to as the T2* effect. 

 In practice, a sequence of RF pulses rather than a single pulse is used to 

optimize measurement of the effect of interest in order to create contrast in soft 

tissue.  By applying a sequence of pulses of different strengths and at different 
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times, the resulting images can be altered such that their appearance is 

determined by one phenomenon or another:  for example, images can be T2-

weighted, meaning that they reflect mainly T2 effects.  MR images are influenced 

by the experimental conditions, including factors such as temperature, under 

which they are collected.  In the clinical setting, images of interest are not 

typically compared to other images; instead, relative signal strength (intensity) is 

compared within the image of interest.  In order to compare images collected at 

different times, under different conditions, it is necessary to account for these 

different conditions.  Including a reference sample will facilitate the comparison 

between images obtained in different scanning sessions.  Any observed 

differences in measurements of this reference sample can then be attributed to 

differences in experimental conditions, and measurements of interest can be 

normalized using the reference.  Addition of copper sulphate shortens the T2 

value of water, allowing for the observation of complete T2 relaxation, resulting in 

a consistent high intensity signal.  For this reason, a copper sulphate solution is 

commonly used as a reference sample, either as described above, as a so-called 

phantom for testing purposes, or as a geometrical marker.   

1.9 Pre-Clinical Detection of Scrapie in Hamsters by MRI, and Evaluation of 

PPS as a Treatment for Scrapie 

 The lack of a means to diagnose prion disease in live subjects is a 

problem not only because it inhibits effective treatment of human patients, but 

also because it creates a requirement for a large number of experimental animals 

in order to conduct longitudinal studies.  As such, the first objective of this study 
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was to not only detect disease in live animals, but relate it to known physical 

changes that occur in the brain during disease pathogenesis as well.  By 

achieving this objective, it would be possible to use this system to follow disease 

progression in individual animals.  For the purpose of research, prion diseases 

have been adapted to rodent hosts that develop disease much more rapidly than 

would the natural hosts.  One of the most rapid models of disease is the 263K 

strain of scrapie in Syrian golden hamsters, which has an incubation period of 

68-71 days following intra-cerebral infection [215,216].   

Magnetic Resonance Imaging (MRI) uses a radio frequency pulse and a 

strong magnetic field to detect changes in soft tissues like the brain.  This 

method has been used to examine patients suspected of having CJD or other 

prion diseases.  MR image abnormalities that have been reported include:  

increased signal intensity in T2-weighted images of the basal ganglia [281,282], 

caudate nuclei and putamina [283], and cerebral cortex [281]; increased signal 

intensity in T1-weighted images of the globus pallidus [284]; and increased signal 

intensity in diffusion-weighted images in the cerebral cortex [285,286], basal 

ganglia [286], and striatum [285].  In some cases, MR image abnormalities were 

compared to histological changes evident in tissues collected upon death.  High 

signal intensity in diffusion-weighted [281,287], and T2-weighted [281] images 

correlated with a high degree of spongiform change determined through 

histological examination.  In experimentally-infected rodents, increased signal 

intensity on T2-weighted images correlated with gliosis [288,289] or PrPSc 

deposition [289], while vacuolation correlated with decreased signal intensity 
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[288].  Only one of these reports described pre-clinical MR image abnormalities, 

and they occurred late in the pre-clinical stage of disease [289].   

In the study reported here, Syrian golden hamsters were injected intra-

cerebrally with the 263K strain of scrapie or phosphate buffered saline (PBS), or 

were not injected with anything.  Beginning at 19 days post injection (dpi), 

hamsters underwent MRI every two weeks until 61 dpi.  Since prion disease 

progression involves progressive physical changes in the brain, it was 

hypothesized that the diseased state could be identified using MRI.  In a second 

study, corresponding groups of Syrian golden hamsters were examined 

histologically for the typical hallmarks of prion disease.   Beginning at 19 dpi, 

hamsters were euthanized every two weeks until 61 dpi, and examined for 

spongiform change, PrPSc deposition and gliosis.  It was hypothesized that any 

MR image abnormalities observed would correlate with the progressive 

appearance of histological hallmarks of prion disease.  

This MRI model system was subsequently used as a method to evaluate 

the efficacy of a number of pentosan polysulphate (PPS) treatment regimens.  

Syrian golden hamsters were injected intra-cerebrally either with the 263K strain 

of scrapie or with control brain homogenate.  The hamsters received PPS 

treatment regimens that were chosen with two objectives in mind:  to compare 

the effectiveness of intra-cerebral (i.c.) and intra-peritoneal (i.p.) PPS treatment, 

and to compare the effectiveness of treatments administered at different time 

points.  The first of these objectives was important to address because intra-

cerebral treatment is highly invasive, so it would be desirable if prion disease 
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could be successfully treated by a less invasive method.  Previous reports of 

PPS treatment of scrapie-infected rodents have used arbitrary treatment time 

points; the objective here was to use a meaningful time point for PPS treatment:  

the time at which MRI could detect scrapie infection.  The hamsters were imaged 

by MRI every two weeks beginning at 19 dpi, until they exhibited severe signs of 

disease, or until 150 dpi in the case of mock-infected hamsters, and the brains of 

hamsters were removed and examined for histological changes.  It was 

hypothesized that intra-cerebral PPS treatment would be more effective than 

intra-peritoneal treatment in prolonging survival time of scrapie-infected 

hamsters; that treatments administered at the earliest time points would be most 

effective; and that PPS treatment would slow the appearance of histological 

changes in scrapie-infected hamsters.   

In order to explain some of the unexpected results of this study, a 

speculative model was proposed, relating PrPSc replication, aquaporin-4 (AQP4) 

expression, and oedema.  Briefly, it was suggested that conversion of PrPC to 

PrPSc alters signalling through PKC and p38 MAPK, resulting in dysregulation of 

AQP4 expression and activity, and that this could be significant for disease 

pathogenesis.   
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2. Materials and Methods 

2.1 Initial Magnetic Resonance Imaging Study 

2.1.1 Experimental Design 

 Five-week-old Syrian golden hamsters (Charles River) were divided into 

scrapie-infected; mock-infected; and control groups, with six hamsters/group.  

Hamsters were maintained according to approved animal use protocols.  

Beginning at 19 days post injection (dpi), hamsters underwent MRI every two 

weeks until 61 dpi.  Three hamsters in each group were euthanized at 48 dpi, 

and the remaining hamsters at 62 dpi. 

2.1.2 Infections 

Five-week-old Syrian golden hamsters were injected with 50 microlitres of 

1% (w/v) 263 K scrapie brain homogenate in phosphate buffered saline (PBS) 

into the right parietal region of the brain under isoflurane anaesthetic.  Injections 

were performed using a 26-gauge needle fitted with a guard to prevent it from 

penetrating too deeply; a 2.25 mm length of needle was left exposed.  The 263 K 

scrapie brain homogenate used in the initial MRI study and the histology study 

was obtained from the TSE Resource Centre, Institute for Animal Health 

(Compton, Newbury, Berkshire, UK) as a stock 10% suspension in PBS.  Mock-

infected hamsters were injected with 50 microlitres of PBS only, and controls 

received no injection.   

2.1.3 Magnetic Resonance Imaging 

Beginning at 19 days post injection (dpi), hamsters underwent magnetic 

resonance imaging (MRI) every two weeks until either 47 or 61 dpi.  Imaging was 
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performed using a Bruker 7 Tesla scanner.  Hamsters were enclosed in a 

custom-made holder, and breathing and temperature were monitored throughout 

imaging under isoflurane anaesthetic (Figure 1).  A custom-made quadrature coil 

was used, and T2-weighted and diffusion weighted images were acquired using 

respiratory gating as a trigger for the Radio Frequency (RF) sequence.  Nine 

coronal slices were collected, 1.7 mm thick and 2 mm apart (Figure 2).  T2 

parameters:  TR=1450 ms; TE=15 ms; 6 echoes (at multiple times of TE); field of 

view 3 x 3 cm; data matrix 256 x 128; 1 average.  Diffusion-weighted imaging 

parameters (spin-echo sequence):  TR=1200 ms; TE=40 ms; 1 echo; field of 

view 3 x 3 cm; data matrix 256 x 64.  T2-maps were produced from T2-weighted 

data; apparent diffusion coefficient (ADC) maps were produced from diffusion-

weighted data. 

2.1.4 Statistical Analysis of MRI Data 

MR images were processed using in-house developed software 

(Marevisi).  Contour plots of T2 relaxation time were created from the multi-echo 

data sets in order to identify regions that were consistently affected in infected 

hamsters.  In order to compare the mean T2 relaxation time in the region 

identified (the hippocampus in two consecutive brain slices), in images collected 

at different times, this measurement was expressed as a percentage of the mean 

T2 relaxation time in the thalamus in Slice 5.  This region was chosen following 

the evaluation of all nine brain slices for regions in which minimal differences 

were observed between hamster groups at any of the four time points studied.  

By using the ratio of T2 relaxation time in the regions of interest to that in the  
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thalamus in Slice 5, the measurements being compared were corrected for 

differences in experimental conditions during MR image collection.  At each of 

the four time points, an ANOVA was carried out to compare the corrected T B2 B 

values in the hippocampus in the three hamster groups.  In certain instances, 

comparison by ANOVA was not possible due to heterogeneity of variances 

between groups.  In these cases, groups were compared using the Kruskall-

Wallis test.  The mock-infected and control hamster groups were also combined 

into a group named “Uninfected” and compared to the scrapie-infected hamsters.  

These two groups were compared by t-Test, or by Mann-Whitney u-Test when 

the assumptions of the t-Test were not met.  ADC images were processed in the 

same manner. 

2.1.5 Collection of Tissues 

Hamsters were euthanized at 48 or 62 dpi by intra-cardiac injection of 

Euthanol.  Each hamster brain was removed and flash-frozen in liquid nitrogen, 

and then stored at -80°C for infrared microspectroscopic analysis, and for 

production of brain homogenate for subsequent infections.   

2.1.6 SDS-PAGE and Western Blotting 

 Samples were prepared by homogenizing brain tissue in brain lysis buffer 

(10% N-lauroylsarcosine in 0.01M sodium phosphate buffer), and incubated at 

room temperature for 30 minutes.  Proteinase K (PK) positive aliquots were 

incubated with PK (at a final concentration of 50 µg/ml) at 50°C for 40 minutes, 

and phenylmethylsulfonylfluoride (PMSF) was added to a final concentration of 2 

mM to stop digestion; PK negative aliquots did not undergo these steps.  



Samples were diluted with 6x sample buffer (Tris-Cl, glycerol, SDS, bromophenol 

blue, and DTT in H2O), heated at 98°C for 10 minutes, loaded on NuPage 4-12% 

SDS-PAGE pre-cast gels, and run at 110 volts for 2 hours.  Proteins were 

transferred to PVDF membrane using a Bio-Rad semi-dry transfer apparatus, run 

at 15 volts for 15 minutes, with transfer buffer (48 mM Tris, 39 mM glycine, 

0.04% SDS, pH 9.2).  Membranes were blocked overnight in blocking solution 

composed of 5% skim milk powder in TBST wash buffer (100 mM Tris, 150 mM 

NaCl, 0.05% Tween-20) at 4°C with shaking.  The membranes were then 

incubated at room temperature for one hour with primary antibody 3F4 diluted in 

TBST wash buffer; washed three times in TBST wash buffer; incubated for 45 

minutes at room temperature with secondary antibody diluted in TBST wash 

buffer; washed a further three times; and incubated for 1-2 hours in TBST wash 

buffer to reduce background.  Finally, the membranes were incubated for 2 

minutes with Pierce’s SuperSignal West Femto Maximum Sensitivity Substrate, 

exposed to X-ray films for 20 seconds or one minute, and the films were 

developed. 

2.2 Histology Study 

2.2.1 Experimental Design 

 Twenty five-week-old Syrian golden hamsters were infected with 263K 

scrapie for the purpose of histological examination.  Beginning at 19 days post 

injection (dpi), five hamsters were euthanized every two weeks until 61 dpi.  At 

each time point, one each of control and mock-infected hamsters were 

 51



 52

euthanized for comparison, and the brains were removed, fixed in formalin, and 

embedded in paraffin. 

2.2.2 Infections 

Infections were carried out exactly as described above. 

2.2.3 Collection of Tissues 

Five scrapie-infected and one each of mock-infected and control hamsters 

were euthanized at each of 19, 33, 47, and 61 dpi by intra-cardiac injection of 

Euthanol.  Upon removal, brains were fixed in formalin.   

2.2.4 Tissue Processing and Paraffin Embedding 

 Hamster brains were cut into 3-5 mm thick slices to expose different 

planes for sectioning.  Tissues were kept in individual cassettes in 10% formalin 

until tissue processing was initiated.  Tissues were soaked for one hour with 

gentle shaking in 98% formic acid to decrease infectivity before being placed in a 

Leica TP1050 tissue processor.  The tissue-processing program consisted of a 

series of ethanol baths ranging from 70-100%, followed by xylene, and finally 

molten paraffin.  Upon completion of the processing program, the brain tissue 

was placed in moulds, which were then filled with molten paraffin from a Leica 

EG1160 embedding machine, and the moulds were placed on a cold plate for the 

paraffin to harden. 

2.2.5 Sectioning From Paraffin Blocks and Preparation of Slides for 

Staining 

 Paraffin-embedded hamster brains were cut into 5-6 micron thick sections 

using a microtome.  Sections were draped across the surface of a 41-45°C water 
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bath, and a slide was used to lift the section of interest off the surface of the 

water from underneath.  For sections to be stained with haematoxylin and eosin, 

regular glass slides were used; sections to be examined immunohistochemically 

were placed on Probe-On slides.  Sections were air-dried before further 

manipulation. 

 In preparation for staining, slides were heat fixed for forty-five minutes at 

60°C before being placed in two successive xylene washes for five minutes each.  

The slides were then hydrated by washing in two successive 100% ethanol 

baths, followed by one each of 90% and 70% ethanol, and were then left in water 

until ready for further staining. 

2.2.6 Haematoxylin and Eosin Staining 

 After being hydrated, slides were stained in haematoxylin for three 

minutes; rinsed in water; destained in 1% acid alcohol; rinsed in water; blued in 

Scott’s Tap Water Substitute; and rinsed in water again.  After checking slides 

under a microscope for sufficient staining, they were stained in eosin for three 

minutes; rinsed in water; and checked again for sufficient staining before 

dehydration.  

2.2.7 Immunostaining for PrP 

 Hydrated slides were rinsed in TBS-Tween before soaking in 98% formic 

acid for ten minutes to reduce infectivity, and were rinsed again in TBS-Tween.  

They were then soaked twice in 3% HB2 BO B2 Bin methanol; rinsed in distilled water; 

and autoclaved for ten minutes at 121°C in 2 mM HCl in water to expose the 

epitopes recognized by monoclonal antibody 3F4.  The slides were rinsed in 
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TBS-Tween; blocked in normal goat serum (diluted one drop in 10 ml of TBS-

Tween) at 45°C for twenty minutes; rinsed again in TBS-Tween; and incubated 

overnight with monoclonal antibody 3F4 (diluted 1:50 in TBS-Tween) at 4°C.  

After rinsing with TBS-Tween, slides were incubated for twenty minutes at 45°C 

with biotinylated goat anti-mouse secondary antibody (diluted 1:1000 in TBS-

Tween), and rinsed again in TBS-Tween.  The slides were then incubated with 

Strept-ABComplex (Dako) for twenty minutes at 45°C; rinsed in TBS-Tween; 

incubated with DAB Substrated for approximately three minutes; and rinsed in 

distilled water.  The slides were then counterstained with haematoxylin as 

described above. 

2.2.8 Immunostaining for GFAP 

 Slides were immunostained for GFAP according to the protocol described 

above with the following changes:  slides were not autoclaved; slides were 

incubated with proteinase K (Dako) for thirty minutes at room temperature; the 

primary antibody was a polyclonal anti-GFAP antibody raised in rabbit (diluted 

1:1000, thirty minute incubation at room temperature); secondary antibody was a 

biotinylated goat anti-rabbit antibody, diluted 1:1000. 

2.2.9 Slide Dehydration and Covering 

 Stained slides were dehydrated by washes in 70% and 90% ethanol, and 

two successive 100% ethanol washes, and were then washed twice in xylene.  

Finally, slides were covered with coverslips using a drop of Krystalon™ for 

sealing. 



2.2.10 Quantification of Histological Changes 

Images of stained sections were acquired using Leica FireCam 1.2.0 

software and a Leica DMLD light microscope fitted with a DFC 300 digital 

camera.  ImagePro software was used to quantify spongiform change, PrPSc 

deposition and glial cell staining in four selected regions of the brain:  the 

hippocampus; the cortex at the level of the hippocampus; the thalamus; and the 

hypothalamus.  In each of these regions, images were collected in all sub-

regions, such that most of the region of interest was included in the images.  For 

images of sections stained immunohistochemically, the software was used to 

create a template of the colour range identifiable as being immunostained.  This 

template was then applied to all images, and a measurement, consisting of the 

percentage of the total image area that was covered by immunostaining, was 

produced (Figure 3).  In the case of gliosis, the measurement was expressed as 

the raw percentage, whereas PrPSc deposition was expressed as 100 x % area 

covered.   

 In order to measure spongiform change, ImagePro software was used to 

evaluate potential vacuoles based on their size and shape.  The size and shape 

restrictions were based on those set out by Sutherland et. al. [192,193], except 

that vacuoles of a smaller size were included in this analysis (minimum of 8 

square microns compared to 69).  Potential vacuoles whose aspect ratios 

exceeded 3, or whose convex hull area to object area ratios exceeded 1.7 were 

eliminated.  Before any measurements were collected or potential vacuoles were 

excluded, a series of image processing steps was applied to precisely define the 
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boundaries of each object (Figure 4).  The image was converted to greyscale and 

a Fast Fourier Transform was performed.  A low-pass filter was then applied 

using Hanning filtering to attenuate high frequency information in the image, and 

an inverse Fourier Transform was executed.  Finally, an intensity threshold was 

applied, eliminating lower intensity areas of the image, and leaving only potential 

vacuoles. This thresholded image was copied, and two object counts were 

carried out using the size and aspect restrictions outlined above:  one calculating 

the object area, and the other the convex hull area of each object.  The resulting 

ratio was then used to further exclude potential objects based on shape.  

Summing the percentage of the image area covered by each vacuole produced a 

final vacuolation score for each image.  For each region of interest, the 

vacuolation score in each hamster was produced by multiplying the mean 

percentage of image area covered by vacuoles in all images of that given region 

of interest by 100.  These individual hamster scores were then used to produce a 

mean score for spongiform change at each time point, for both infected and 

uninfected hamsters. 

2.2.11 Statistical Analysis of Histological Data 

 For the purpose of comparison of histological hallmarks of prion disease, 

mock-infected and control hamsters were grouped together as a single group, 

called Uninfected, since MRI results were similar for both groups, and since 

neither were expected to show significant spongiform change or PrPSc 

deposition.  At each time point, and for each histological characteristic being 

studied, two analyses were conducted: a series of t-tests comparing infected and 
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uninfected groups in each of the four regions of interest; and an one way ANOVA 

comparing the four regions of interest in infected animals only.   

2.3 Pentosan Polysulphate Drug Study 

2.3.1 Experimental Design 

 Eighteen five-week-old Syrian golden hamsters were infected intra-

cerebrally with 1% 263K scrapie brain homogenate, and an equal number were 

mock-infected with 1% control brain homogenate.  The hamsters were divided 

into groups of three that received either no treatment, or one of the following five 

pentosan polysulphate (PPS) drug regimens:  intra-cerebral (i.c.) injection of 2 

mg/kg PPS at the time of infection; i.c. injection of 1 mg/kg twenty-six days post 

infection (dpi); intra-peritoneal (i.p.) injection of 100 mg/kg PPS at the time of 

infection; i.p. injection of 100 mg/kg PPS at twenty-six dpi; i.p. injection of 100 

mg/kg PPS at twenty-six, forty, and fifty-four dpi.  The hamsters were imaged by 

MRI every two weeks beginning at 19 dpi, until they exhibited severe signs of 

disease, or until 150 dpi in the case of mock-infected hamsters.  Upon 

euthanasia, the brains of the hamsters were removed, and two brains from each 

group were fixed in formalin for paraffin embedding while the other was frozen. 

2.3.2 Injections 

Hamsters in the drug study were injected in the manner described above, 

either with 263K scrapie or control brain homogenate.  The infectious inoculum 

used was produced from brain tissue collected at 62 days post injection (dpi) in 

the initial MRI study; control inoculum was produced from a single uninfected 

hamster.   
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2.3.3 Drug Treatment 

 PPS was supplied by the TSE Resource Centre, Institute for Animal 

Health, and Norton Healthcare; a Certificate of Analysis can be found in 

Appendix 4.  All PPS injections were administered under isoflurane anaesthetic.  

Intra-peritoneal injections were administered at a dose of 100 mg/kg PPS, using 

a 23-gauge needle into the lower right-hand quadrant of the abdomen.  Intra-

cerebral injections were administered at a dose of 2 mg/kg for treatments at 0 

dpi, and 1 mg/kg for treatments at 26 dpi, using a 26 gauge needle; the reasons 

for the differential doses will be discussed below in the PPS toxicity section and 

in the Results section.  For the injections at 0 dpi, the PPS was mixed with the 

brain homogenate immediately prior to injection so that only one injection could 

be performed.  The i.c. injections at 26 dpi required a more complex protocol 

since the skulls of the hamsters at that age had hardened sufficiently to prevent a 

simple injection with a 26-gauge needle.  First, the hamster’s head was shaved, 

and a short incision was made in the skin on top of the head.  This incision was 

then held open while a bowl-shaped impression was made in the skull using a 

dental drill, being careful not to penetrate through the entire skull.  Next, the 

injection was made using a 26-gauge needle fitted with a double guard (one with 

a wider diameter to rest outside the impression made by the drill, and a narrower 

internal one to give the outer one strength and integrity).  Following the injection, 

the impression was filled with bone wax, and the skin incision was sealed with 

skin glue.  The hamsters were then monitored for one hour or more to ensure 

that they recovered fully from the manipulation. 
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2.3.4 Magnetic Resonance Imaging 

Beginning at 19 days post injection (dpi), hamsters underwent magnetic 

resonance imaging (MRI) every two weeks until they were euthanized due to 

severe symptoms of scrapie, or 150 dpi in the case of mock-infected hamsters.  

Imaging was performed as described above, with a few changes.  A new custom-

made quadrature coil was used, due to the use of a new, larger hamster holder, 

and T2-weighted images only were acquired without the use of respiratory gating 

as a trigger for the Radio Frequency (RF) sequence.  A tube of copper sulphate 

was included on the bed of the hamster holder as a reference sample to facilitate 

the comparison between images obtained in different scanning sessions.  Any 

observed differences in measurements of this reference sample could then be 

attributed to differences in experimental conditions, and measurements of 

interest could be normalized using the reference.  Copper sulphate shortens the 

T2 value of water, allowing for the observation of complete T2 relaxation, resulting 

in a consistent high intensity signal.  Nine coronal slices were collected, 1.8 mm 

thick and 2 mm apart.  T2 parameters were as follows:  TR=1450 ms; TE=15 ms; 

6 echoes (at multiple times of TE); field of view 3 x 3 cm; data matrix 256 x 128; 

4 averages.  T2-maps were produced from T2-weighted data.  Figure 5 

demonstrates how the experiment was set up:  first, an axial (coronal) scout 

image was acquired; next, the pink rectangle was placed on the image, indicating 

where the sagittal scout image would be acquired.  In the same manner, a block 

of nine pink rectangles was placed on the sagittal scout image to determine 

where the final nine axial (coronal) images would be collected.  Finally, scout 
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images of the nine axial images were collected to ensure that they were in the 

proper location before collection of the T2-weighted images. 

2.3.5 Statistical Analysis of MRI Data 

MR images were again processed using in-house developed software 

(Marevisi).  Contour plots of T2 relaxation time were created as before from the 

multi-echo data sets in order to confirm that the hippocampus remained 

consistently affected in infected hamsters.  In addition, since the presence of a 

copper sulphate standard allowed for a more reliable method to compare images 

collected under slightly different experimental conditions, other regions of the 

brain, corresponding to those examined histologically in the previous study, were 

evaluated using standard ROIs applied to all images.  More specifically, in each 

of MRI slices 5 and 6, the following regions were identified:  the cerebral cortex at 

the level of the thalamus; the hippocampus; the thalamus; and the hypothalamus.  

In MRI Slice 7, the lateral ventricles and surrounding area, the septum, and the 

cerebral cortex at the level of the septum were evaluated.  For each MRI slice, a 

standard set of ROIs was constructed, saved, and applied to all of the images of 

that slice, in all hamsters and at all time points; these standard ROIs are shown 

in Figure 6.  In order to compare the mean T2 relaxation time in these regions of 

interest, this measurement was expressed as a percentage of the mean T2 

relaxation time in the copper sulphate standard in the same image set.  For all 

ROIs other than the hippocampus, the measurements from the standard ROIs 

were used; however, for comparison of the hippocampus, ROIs identified on the 

contour plots were used instead.
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Table 2.  Regrouping of PPS Treatment Groups 
 

New Groups 19 dpi 33 dpi and later 
Scrapie-Infected i.c. 0 dpi Scrapie-Infected 

i.c. PPS 
Scrapie-Infected i.c. 0 dpi 

Scrapie-Infected i.c. 26 dpi 
Scrapie-Infected i.c. 26 dpi Scrapie-Infected i.p. 0 dpi 
Scrapie-Infected i.p. 0 dpi Scrapie-Infected i.p. 26 dpi 

Scrapie-Infected i.p. 26 dpi Scrapie-Infected i.p. Multiple 
Scrapie-Infected i.p. Multiple Scrapie-Infected No Treatment

Scrapie-Infected 
No i.c. PPS 

Scrapie-Infected No Treatment  
Mock-Infected i.c. 0 dpi Mock-Infected 

 i.c. PPS 
Mock-Infected i.c. 0 dpi 

Mock-Infected i.c. 26 dpi 
Mock-Infected i.c. 26 dpi Mock-Infected i.p. 0 dpi 
Mock-Infected i.p. 0 dpi Mock-Infected i.p. 26 dpi 

Mock-Infected i.p. 26 dpi Mock-Infected i.p. Multiple 
Mock-Infected i.p. Multiple Mock-Infected No Treatment 

Mock-Infected  
No i.c. PPS 

Mock-Infected No Treatment  
PPS:  pentosan polysulphate; dpi:  days post injection; i.c.:  intra-cerebral; i.p.:  
intra-peritoneal. 
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was not drawn, an intra-cardiac injection of Euthanol was used.  Upon removal, 

the brain of one hamster from each group was frozen, and stored at -80°C; the 

brains of the other two hamsters in each group were fixed in formalin and 

embedded in paraffin for histological examination.   

2.3.7 Histological Analysis 

 Formalin fixed hamster brains were embedded in paraffin; sectioned; and 

stained as described above.  Images of stained slides were also analyzed in the 

manner described previously in order to quantify histological changes; the 

method of statistical analysis used was also the same as that described earlier. 

2.4 Supplemental Work 

2.4.1 Histology Involving C57Bl Mice Infected With ME7 Scrapie 

 Forty-two-day-old female C57Bl mice were infected intra-cerebrally with 

50 µl of 1% brain homogenate from ME7 scrapie-infected mice, and were 

euthanized when they began to show severe symptoms of scrapie infection 

around 168 dpi.  Age-matched female control mice were not injected, and were 

euthanized at 170 dpi.  Upon removal, brains were either frozen, or fixed in 

formalin.  Formalin-fixed mouse brains were cut, processed, embedded in 

paraffin, sectioned from paraffin-embedded blocks, stained with haematoxylin 

and eosin, and photographed as described above. 

2.4.2 Evaluation of Spongiform Change 

Images of slides of C57Bl mouse brains were used to evaluate the ability 

of ImagePro software to measure spongiform change.  Similarly to the 

description above, ImagePro was used to evaluate potential vacuoles based on 



their size and shape in order to produce a so-called lesion profile; this lesion 

profile was compared to those reported by Bruce et. al. [33] and Fraser and 

Dickinson [191] in the same mouse strain, with the same infectious agent.  The 

nine brain regions commonly used in lesion profiles [33,191] were examined in a 

total of seven mice:  the cerebral cortex at the levels of the septum and the 

thalamus; the septum; the hippocampus; the thalamus; the hypothalamus, the 

superior colliculus; the cerebellum; and the medulla.  The size and shape 

restrictions applied to potential vacuoles were based on those set out by 

Sutherland et. al. [192,193], except that the vacuole size restrictions were based 

on pixel size, not actual size since this was only a proof-of-concept exercise.  

Potential vacuoles whose areas fell outside the arbitrary range of 80-5000 pixels, 

whose aspect ratios exceeded 3, or whose convex hull area to object area ratios 

exceeded 1.7 were eliminated.  Before any measurements were collected or 

potential vacuoles were excluded, a series of image processing steps was 

applied to precisely define the boundaries of each object; these image 

processing steps and the following measurement steps are outlined in Figure 7.  

The image was converted to greyscale and an intensity threshold was applied, 

eliminating lower intensity areas of the image, and leaving only potential 

vacuoles.  This thresholded image was copied, and two object counts were 

carried out using the size and aspect restrictions outlined above:  one calculating 

the object area, and the other the convex hull area of each object.  The resulting 

ratio was then used to further exclude potential objects based on shape.  A final 

score for each region of the brain in each mouse was produced by reporting the 
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total vacuole area, in pixels, from three images from that region of interest.  

Finally, a lesion profile was produced by taking the mean vacuolation score in 

each region of interest in the seven mice evaluated, and dividing by 5000; this 

yielded a set of scores on a scale of 1-5, which is the scale most often used in 

reporting lesion profiles.  It was not always possible to identify all nine regions of 

interest in each mouse, meaning that the number of mice represented by the 

mean vacuolation score of a given region was variable, with a maximum of 

seven.   

2.4.3 Pentosan Polysulphate Toxicity Screen 

 The effects of intra-cerebral pentosan polysulphate injection of rodents 

have not been reported in great detail.  As a result, the initial dose of 20 mg/kg 

PPS used for i.c. treatment  was chosen as essentially an educated guess.  

Upon injection of the first six mock-infected hamsters at this dose, it was clear 

that a lower dose would be necessary (see Results).  To determine the proper 

dose, a short experiment was designed in which four different doses of PPS were 

given to three hamsters each.  Hamsters were injected intra-cerebrally as 

described earlier, with control brain homogenate mixed with PPS at a dose of 0.5 

mg/kg; 1 mg/kg; 2 mg/kg; or 5 mg/kg.  Following injections, hamsters were 

monitored for signs of adverse effects for a minimum of one hour; hamsters 

showing adverse effects were euthanized and dissected to determine the cause 

of their distress.  In order to reduce the number of animals used, the hamsters 

receiving the dose of PPS chosen as the proper dose were shunted into the main 
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PPS drug treatment study, becoming the mock-infected group receiving i.c. PPS 

treatment at 0 dpi. 
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3. Results 

3.1 Magnetic Resonance Imaging - T2 Changes in Scrapie-Infected 

Hamsters 

 Syrian golden hamsters were infected intra-cerebrally with 263K scrapie 

brain homogenate.  Magnetic Resonance Images were collected at 19; 33; 47; 

and 61 days post injection (dpi), and hamsters were euthanized at 48 or 62 dpi, 

and hamster brains were removed and frozen.  At each imaging time point, a 

series of nine coronal images was collected (Figure 2).  Differences were visually 

evident between infected hamsters and mock-infected or uninfected controls in 

slices five and six as early as the first time point studied.  Symptoms of disease 

were not yet evident at the time of euthanasia. 

 Upon initial visual examination of T2 maps, hyperintensities were apparent 

in the hippocampus in slices 5 and 6 in scrapie-infected hamsters.  The pixel 

intensity of T2-maps reflects the T2 relaxation time, which varies with specific 

experimental conditions (e.g. temperature).  In order to compare images 

collected at different times, it was necessary to express the T2 relaxation time in 

 of 

the region of interest (ROI) in relative terms.  It was therefore necessary to find a 

region or regions of the brain that had broadly consistent T2 relaxation times 

across both time and hamster group.  This region could then be used to remove 

some of the variation due to differences in experimental conditions.  T2 relaxation 

times were measured in different regions in all nine brain slices collected, and 

compared between hamster groups at all four time points.  No single brain region 

met the ideal criteria of no significant differences between any groups at any
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e four time points.  The region that came closest to this ideal was the thalamus 

in Slice 5.  Figure 8 A and B show comparisons of the mean T2 relation time in 

the thalami of scrapie-infected, mock-infected, and control hamsters in slices 5 

and 6, respectively; in Figure 8 C and D, the thalami in infected and uninfected 

hamsters are compared.  Summaries of the statistical significance of these 

comparisons at each time point are found in Tables 3 and 4, respectively.  

Briefly, when all three hamster groups were considered, significant differences 

were found in the thalamus in Slice 5 only at 47 dpi, when the mock-infected 

group was significantly different from the other two groups.  In Slice 6, significant 

differences were observed between two or more groups at 33, 47, and 61 dpi.  

When mock-infected and control hamsters were combined into a single 

Uninfected group, significant differences were observed in the thalamus in Slice 

5 at 61 dpi only; in Slice 6, significant differences were observed at both 33 and 

61 dpi, and the differences were more pronounced.  As a result, the thalamus in 

Slice 5 was chosen as the region to be used to produce a relative measurement 

of T2 relaxation time in the regions of interest. 

 Increases in T2 relaxation time were observed in the hippocampus of

infected animals in MRI slices 5 and 6 (Figures 9 and 10, respectively).  Contour 

plots were used to define the ROIs in individual animals, by identifying areas 

where the T2 relaxation time changed rapidly.  In this way, regions of interest 

were defined according to the boundaries of the damage observed on the images 

rather than by simply using some regular shape to artificially define the ROI; this 

ensured that the ROI would reflect the damage as fully as possible.  In control 
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Table 3.  T2 in the Thalamus of Scrapie- and Mock-Infected and Control 
Hamsters in Slices 5 and 6. 

 
 p values 

Slice Dpi Statistical Test Scrapie/Control Scrapie/Mock Mock/Control 
19 Kruskall-Wallis NS NS NS 
33 ANOVA NS NS NS 
47 ANOVA NS <0.03 <0.002 

5 

61 ANOVA NS NS NS 
19 Kruskall-Wallis NS NS NS 
33 ANOVA NS <0.025 NS 
47 Kruskall-Wallis NS <0.025 <0.01 

6 

61 ANOVA <0.005 <0.015 NS 
Dpi:  days post injection; NS:  no significant differences. 

 

Table 4.  T2 in the Thalamus of Scrapie-Infected and 
Uninfected Hamsters in Slices 5 and 6. 

 
 p values 

Slice Dpi Statistical Test Scrapie/Control 
19 t-Test NS 
33 t-Test NS 
47 Mann-Whitney u-test NS 

5 

61 t-Test <0.05 
19 t-Test NS 
33 t-Test <0.05 
47 Mann-Whitney u-test NS 

6 

61 t-Test <0.001 
Dpi:  days post injection; NS:  no significant differences. 
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and mock-infected hamsters, where contour plots did not identify affected 

regions, standard ROIs of a smaller size were used for comparison.  Since 

minimal differences were observed in the thalamus in Slice 5 between groups of 

a t, n e ain was 

us  a  r to ac t for differences in experimental conditions 

during the collection of MR imag e mean T ation time he ROI was 

expressed as a percentage of that in the thalamus.   Actual T2 re tion times in 

affected regions at 61 dpi were on the order of 70 ms in Slice 5 and 90 ms in 

2 n the low- to mid-fifties.  

nc ased levels of bio-fluid or 

water in the tissue. 

 larly t n of T2 in the thalamus, the ROIs 

in slice  and 6 we luated by two s  comparisons:  first, scrapie-

infected hamsters were compared to mock-infected and control hamsters 

(Figures 9 B and 10 B; Table 5); and second, scrapie-infected hamsters were 

compared to all uninfected hamsters (Figures 9 C and 10 C; Table 6).  The three-

with the hippocampus in 

Slice 5.  At 19 days post injection (dpi), the difference between the scrapie-

infected and control groups was significant (p<0.03), although increased 

variability in infected and mock-infected hamsters resulted in no other significant 

differences being found.  At 33 dpi, the T2 values of all three groups increased in 

comparison to those measured at 19 dpi.  At this time point the T2 values of 

scrapie-infected hamsters were significantly higher than those of mock-infected  

hamsters t any time poin  the T2 relaxatio  time in that r gion of the br

ed s a correction facto coun

es:  th 2 relax  in t

laxa

Slice 6; in the thalamus, T  relaxation times measured i

reases in T2 relaxation times are indicative of incre

Simi o the evaluatio relaxation time 

s 5 re eva eparate

I

way comparison will be considered here first, beginning 
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Table 5.  T2 in the Hippocampus of Scrapie- and Mock-Infected and Control 
Hamsters in Slices 5 and 6. 

 
 p values 

Slice Dpi Statistical Test Scrapie/Control Scrapie/Mock Mock/Control 
19 ANOVA <0.03 NS NS 
33 Kruskall-Wallis NS <0.001 NS 
47 Kruskall-Wallis NS NS NS 

5 

61 ANOVA <0.02 <0.03 NS 
19 ANOVA NS NS NS 
33 ANOVA <0.03 NS NS 
47 ANOVA <0.001 <0.001 NS 

6 

61 ANOVA <0.001 <0.001 NS 
Dpi:  days post injection; NS:  no significant differences. 
 
 

Table 6.  T2 in the Hippocampus of Scrapie-Infected and 
Uninfected Hamsters in Slices 5 and 6. 

 
 p values 

Slice Dpi Statistical Test Scrapie/Control 
19 t-Test <0.005 
33 t-Test <0.001 
47 Mann-Whitney u-test NS 

5 

61 t-Test <0.005 
19 t-Test NS 
33 t-Test <0.05 
47 t-Test <0.001 

6 

61 t-Test <0.001 
Dpi:  days post injection; NS:  no significant differences. 
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hamsters (p<0.001); there were no other significant differences between groups.  

No significant differences were observed at 47 dpi, although the separation 

between the mean T2 value of infected hamsters (130.59% +/- 5.14, mean +/- 

standard error of the mean), and those of mock-infected (115.55% +/- 1.94) and 

control (117.06% +/- 1.14) hamsters remained large.  The absence of statistically 

significant differences in some instances at 33 and 47 dpi could be partially 

explained by the use of the less sensitive Kruskall-Wallis test for comparison 

purposes, and by increased variability within some hamster groups.  At 61 dpi, 

the relative T2 values in infected hamsters were significantly greater than those in 

mock-infected (p<0.03) and control (p<0.02) hamsters, while there were no 

signific

ie-infected hamsters and both uninfected controls and mock-

infected hamsters were statistically significant at 33, 47, and 61 dpi; at 19 dpi, 

scrapie-infected hamsters could be distinguished from controls only.  At 19 dpi, 

ant differences between control and mock-infected hamsters. 

 The differences between scrapie-infected and the other two hamster 

groups were more pronounced in MRI Slice 6 at 47 and 61 dpi.  At these time 

points, infected hamsters had significantly higher relative T2 values than both 

mock-infected and control hamsters (p<0.001 in all cases), while there were no 

significant differences between the latter two groups at either time point.  At 33 

dpi, the only significant differences were between scrapie-infected hamsters and 

un-injected controls (p<0.03); mock-infected hamsters yielded T2 scores of 

intermediate value.  No significant differences were observed at 19 dpi.   

Taking MRI slices 5 and 6 into consideration together, differences 

between scrap
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significant differences between scrapie-infected and control hamsters were 

ntrol hamsters in slices 5 and 6 were never significant, a 

second

observed in Slice 5, while no differences were found in Slice 6.  At 33 dpi, 

scrapie-infected hamsters could be distinguished from mock-infected hamsters in 

Slice 5, and from control hamsters in Slice 6.  The hippocampus in scrapie-

infected hamsters was significantly different from both mock-infected and control 

hamsters in Slice 6 at 47 dpi, while no significant differences were observed in 

Slice 5.  At 61 dpi, scrapie-infected hamsters could be differentiated from the 

other two hamster groups in both slices 5 and 6.  No significant differences were 

ever observed between mock-infected and control hamsters in either slice at any 

time point. 

Because differences between the T2 measurements in the hippocampus 

of mock-infected and co

 evaluation was made in which these two groups were combined to form a 

group named “Uninfected”.  At 19 dpi, significant differences existed between 

scrapie-infected and uninfected hamsters in Slice 5 (p<0.005), but not Slice 6.  At 

47 dpi, these differences were significant in Slice 6 (p<0.001) but not in Slice 5.  

Significant differences were observed between the two groups at 33 and 61 dpi 

in both Slice 5 (p<0.001 at 33 dpi; p<0.005 at 61 dpi) and Slice 6 (p<0.05 at 33 

dpi; p<0.001 at 61 dpi).  It was possible to distinguish between scrapie-infected 

and uninfected hamsters at each of the four time points studied in one or both of 

slices 5 and 6. 
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3.2 Apparent Diffusion Coefficient Magnetic Resonance Imaging 

 Diffusion-weighted MR images were also collected, and the resulting 

apparent diffusion coefficient (ADC) MR maps were compared to T2-maps 

(Figure 11).  It was determined that regions with increased relative T2 values 

(hyper-intensities in the hippocampus in slices 5 and 6) corresponded to 

increased ADC values, supporting the assertion that image abnormalities are the 

result of fluid accumulation in the hippocampus.  In infected hamsters at 61 dpi, 

ADC values in the hippocampus were in the range of 1 x 10-3 mm2/s with a high 

of 1.21 x 10-3 mm2/s in Slice 5; and 1.45 x 10-3 mm2/s with a high of 1.71 x 10-3 

mm2/s in Slice 6.  In control and mock-infected hamsters, the highest single ADC 

value in the hippocampus at 61 dpi was 8.85 x 10-4 mm2/s in Slice 5 and 1.20 x 

10-3 mm2/s in Slice 6.   

Despite these apparent differences, it was necessary to compare relative 

values in the same manner as the comparison of T2 relaxation time.  As before, 

the regions of interest in the thalamus in MR slices 5 and 6 were evaluated for 

their suitability to produce relative scores for apparent diffusion coefficient.  

Figure 12 shows comparisons of raw ADC scores in the thalamus in slices 5 and 

6, either as a three-way comparison involving scrapie-infected, mock-infected 

and control hamsters, or as a two-way comparison of infected and all uninfected 

hamsters.  Summaries of statistical significance of these two comparisons are 

found in Tables 7 and 8, respectively.  Briefly, in each comparison, there were an 

equal number of instances in which statistically significant differences were found 

between infected and other hamsters in each of slices 5 and 6.  Because the 
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Table 7.  ADC in the Thalamus of Scrapie- and Mock-Infected and Control 
Hamsters in Slices 5 and 6. 

 
 p values 

Slice Dpi Statistical Test Scrapie/Control Scrapie/Mock Mock/Control 
19 ANOVA NS NS <0.01 
33 ANOVA NS NS NS 
47 ANOVA NS <0.002 <0.03 

5 

61 ANOVA <0.015 NS NS 
19 ANOVA NS NS NS 
33 ANOVA NS NS NS 
47 ANOVA <0.015 <0.001 NS 

6 

61 ANOVA <0.005 <0.01 NS 
Dpi:  days post injection; NS:  no significant differences. 

 

Table 8.  ADC in the Thalamus of Scrapie-Infected and 
Uninfected Hamsters in Slices 5 and 6. 

 
 p values 

Slice Dpi Statistical Test Scrapie/Control 
19 Mann-Whitney u-test NS 
33 Mann-Whitney u-test NS 
47 t-test <0.015 

5 

61 t-test <0.05 
19 t-test NS 
33 t-test NS 
47 t-test <0.001 

6 

61 t-test <0.001 
Dpi:  days post injection; NS:  no significant differences. 
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thalamus in neither slice was clearly better suited to produce relative ADC 

scores, it was determined that for the regions of interest (the hippocampus in 

slices 5 and 6), the score would be produced by dividing by the measurement in 

the thalamus on the same side of the brain in the same slice.   

When all three groups of hamsters were compared very few significant 

differences were found (Figure 13 A and B, Table 9).  In fact, the only statistical 

differences were between scrapie-infected and mock-infected hamsters at 33 

and 47 dpi in Slice 5, and at 61 dpi in Slice 6.  However, when the graphs are 

examined more closely, certain trends become evident, even if significant 

differences were not observed.  In both of slices 5 and 6, the relative ADC scores 

in the hippocampus of scrapie-infected hamsters increased over the course of 

the experiment.  The slope of the curve was greater in Slice 6 between 19 and 47 

dpi, before reaching a plateau, which was maintained between 47 and 61 dpi.  

The increase in ADC scores was more gradual in Slice 5, although it was 

maintained over the entire time period.  In comparison, both mock-infected and 

control scores in Slice 5 remained essentially constant over the course of study, 

with a slight decrease being the general trend.  In Slice 6, control hamsters 

maintained constant ADC scores from 19-47 dpi before dipping at 61 dpi.  The 

scores from mock-infected hamsters in Slice 6 were the most variable, fluctuating 

up and down over the course of the study.   

When scrapie-infected hamsters were compared to all uninfected 

hamsters, there were significant differences at all four time points studied (Figure 

13 C and D, Table 10).  In Slice 5, the relative ADC scores in the hippocampus of  
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Hamsters in Slices 5 and 6. 
Table 9.  ADC in the Hippocampus of Scrapie- and Mock-Infected and Control 

 
 p values 

Slice Dpi Statistical Test Scrapie/Control Scrapie/Mock Mock/Control 
19 ANOVA NS NS NS 
33 ANOVA NS <0.02 NS 
47 ANOVA NS <0.02 NS 

5 

61 ANOVA NS NS NS 
19 ANOVA NS NS NS 
33 ANOVA NS NS NS 
47 Kruskall-Wallis NS NS NS 

6 

61 ANOVA NS <0.05 NS 
Dpi:  days post injection; NS:  no significant differences. 
 
Table 10.  ADC in the Hippocampus of Scrapie-Infected and 

Uninfected Hamsters in Slices 5 and 6. 
 

 p values 
Slice Dpi Statistical Test Scrapie/Control 

19 Mann-Whitney u-test NS 
33 t-test <0.01 
47 t-test <0.01 

5 

61 t-test <0.01 
19 t-test <0.03 
33 t-test NS 
47 t-test NS 

6 

61 t-test <0.01 
Dpi:  days post injection; NS:  no significant differences. 
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infected hamsters were significantly greater than those of uninfected hamsters at 

33 (p<0.001), 47 (p<0.001), and 61 dpi (p<0.03).  In Slice 6, the hippocampus of 

infected hamsters had a significantly higher ADC score than in uninfected 

hamsters at 61 dpi (p<0.01), but a significantly lower ADC score at 19 dpi 

(p<0.03).  

The differences in relative ADC values between hamster groups were not 

as pronounced as in the case of relative T2 values.  However, this may not tell 

the whole story.  When the relative T2 and ADC values in the hippocampus of 

scrapie-infected hamsters were compared in each of Slices 5 and 6, the curves 

exhibited striking similarities (Figure 14).  At 19, 33, and 47 dpi relative ADC 

values in infected hamsters closely mirror the corresponding T2 values.  At 61 

dpi, T2 values in both MRI slices dip slightly; at the same time, the slope of the 

ADC curve increases in Slice 5, and decreases in Slice 6, although the ADC 

values continue to rise in both slices.  This observed close agreement between 

relative T2 and ADC values in scrapie-infected hamsters supports a common 

cause for the two effects.  In order to confirm the diseased state of scrapie-

infected hamsters, brain tissue from some infected and control hamsters was 

collected for Western blotting.  As seen in Figure 15, PrP from individual scrapie-

infected hamsters (including Slices 5 and 6) was partially resistant to proteinase 

K (PK) digestion, confirming the presence of PrPSc.   

3.3 Measuring Histological Changes  

 In order to explore the causes of scrapie-induced changes on MR images 

of hamster brains, different brain regions were examined at each time point for 
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three histological hallmarks of prion disease:  spongiform change; accumulation 

of PrPSc; and gliosis (Figure 16).  The hippocampus was one region chosen, 

along with three regions where no obvious differences were observed between 

infected, mock-infected, and control hamsters on MR images:  the cerebral 

cortex at the level of the thalamus; the thalamus; and the hypothalamus.  All four 

of these regions are part of the lesion profile commonly used to evaluate 

spongiform change in rodents with prion disease.  Qualitatively, it appeared that 

the thalamus was the region most affected histologically, particularly by 

spongiform change and PrPSc deposition.  In order to make a quantitative 

assessment, images of histological slides were evaluated using imaging 

software, allowing measurements of vacuolation, accumulation of PrPSc, and 

gliosis to be collected.  Since mock-infected and control hamsters yielded similar 

results on MRI, they were assembled into a single “Uninfected” group for the 

purpose of histological examination. 

3.3.1 Evaluation of ImagePro Software as a Means of Measuring 

Spongiform Change 

 Before it could be used for the purpose of measuring the hallmarks of 

prion disease in hamsters, it was necessary to evaluate the imaging software to 

determine its suitability to the task.  In order to do this, it was used to measure 

spongiform change only in the nine regions of grey matter that typically make up 

the lesion profile in C57Bl mice infected with the ME7 strain of scrapie.  This is a 

well-established rodent model of prion disease, with published lesion profiles that 

could be compared to the results produced using ImagePro software.  
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Figure 17 B, taken with permission from Fraser and Dickinson [191], shows the 

nine regions of the lesion profile:  the medulla; the cerebellum; the superior 

colliculus; the hypothalamus; the thalamus; the hippocampus; the septum; the 

medial cerebral cortex at the level of the thalamus; and the medial cerebral 

cortex at the level of the septum.  In Figure 17 A, the lesion profile measured 

using ImagePro is compared to a composite lesion profile produced by taking the 

mean value in each region of the profile of those reported by Fraser and 

Dickinson [191] and by Bruce et. al. [33].  In both of these papers, a subjective 

score of 0-5 was used, with each value corresponding to a verbal description.  In 

contrast, the results presented here measured vacuoles in pixels, producing a 

total vacuole area score/image for each mouse, which was used in turn to 

produce a mean score for each region.  These scores ranged to a maximum of 

about 23000 pixels, which allowed them to be easily converted to a 0-5 scale by 

dividing each score by 5000.   

The general shape of the measured lesion profile agrees broadly with the 

composite profile from the literature, however, the literature values in the middle 

of the profile in particular are lower.  These regions also represent the areas with 

the highest vacuolation scores, both in the literature and in the measured values.  

Given that the two profiles have been artificially placed on the same scale, it is 

possible that differences in the true scales could account for some of the 

differences in value.  As such, the actual scores in the different brain regions are 

of somewhat less importance than the shape of the profile.   
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The first segment of the measured lesion profile, spanning regions one to four, 

matches the shape of the literature profile closely.  The one exception is the 

transition from region three (the superior colliculus) to four (the hypothalamus), 

where, rather than decreasing, the vacuolation score increases.  In the second 

segment of the lesion profile, spanning regions four to seven, the only difference 

in shape between the two curves is the significant dip in region six (the 

hippocampus) in the ImagePro lesion profile.  In the final segment, spanning 

regions seven to nine, agreement between the two lesion profiles is very good.  

Overall, the shape of the ImagePro lesion profile agrees very well with that of the 

profile found in the literature, with the exception of an apparent under-valuation of 

spongiform change in regions three and six (the superior colliculus and the 

hippocampus).  Given these minor differences, it was determined that the 

ImagePro system, with further refinement, would be a good means of evaluating 

the histological hallmarks of prion disease in hamsters. 

3.3.2 Histological Changes in Scrapie-Infected Hamsters 

 The procedure for measuring spongiform change using ImagePro was 

improved as described in the Materials and Methods section, and corresponding 

protocols for measuring PrPSc deposition and gliosis were developed.  

Measurements of these three histological characteristics were collected, and 

comparisons between infected and uninfected hamsters in the four regions of 

interest at 19, 33, 47, and 61 dpi, are shown in Figure 18.  Instances of statistical 

significance are summarized in Table 11.  At the first two time points, the only 

comparison that was statistically significant was the measurement of GFAP in the 
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Table 11.  Comparison of Histology in Scrapie-Infected and Uninfected 
Hamsters. 

 
19 days post injection 

p values 
 Cortex Hippocampus Hypothalamus Thalamus 

Vacuole Area NS NS NS NS 
# of Vacuoles NS NS NS NS 

PrPSc  NS NS NS NS 
Gliosis NS <0.025 NS NS 

 
33 days post injection 

p values 
 Cortex Hippocampus Hypothalamus Thalamus 

Vacuole Area NS NS NS NS 
# of Vacuoles NS NS NS NS 

PrPSc  NS NS NS NS 
Gliosis NS NS NS NS 

 
47 days post injection 

p values 
 Cortex Hippocampus Hypothalamus Thalamus 

Vacuole Area NS NS NS NS (<0.06) 
# of Vacuoles NS NS NS NS (<0.07) 

PrPSc  NS NS NS <0.01 
Gliosis NS NS NS NS (<0.08) 

 
61 days post injection 

p values 
 Cortex Hippocampus Hypothalamus Thalamus 

Vacuole Area NS NS NS <0.015 
# of Vacuoles NS NS NS <0.02 

PrPSc  0.03 0.0399 NS <0.001 
Gliosis 0.0497 NS NS <0.03 

NS:  no significant differences. 
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hippocampus at 19 dpi (p<0.025).  This is indicative that at this stage, the levels 

of each histological characteristic measured represent essentially the 

backgr

bserved in PrPSc deposition in the thalamus (p<0.01).  

Howev

ound levels inherent to the system.  Having said that, at 19 dpi, infected 

hamsters had consistently higher levels of PrPSc deposition across all brain 

regions studied, although these differences were not statistically significant.  

There was a sizable difference in PrPSc deposition in the thalamus of infected, 

compared to uninfected hamsters at 33 dpi, although this difference was not 

significant, due to the high degree of variability in the infected group.  At 47 dpi, 

the only statistically significant difference between infected and uninfected 

hamsters was once again o

er, differences in the other histological hallmarks approached statistical 

significance in the thalamus (p<0.06 for vacuole area; p<0.07 for vacuole 

number; and p<0.08 for GFAP).  At 61 dpi, the thalamus was once again the 

region most affected, but by this time point significant differences were observed 

in all histological characteristics:  p<0.015 for percentage of tissue covered by 

vacuoles; p<0.02 for number of vacuoles; p<0.03 for GFAP; and p<0.001 for 

PrPSc deposition.  Other significant differences were observed in gliosis in the 

cortex (p<0.05) and in PrPSc deposition in the cortex and the hippocampus 

(p<0.05 in both cases).  These data suggest that the thalamus is the first of the 

brain regions studied to experience all of the histological hallmarks of prion 

disease, and that PrPSc deposition precedes both spongiform change and gliosis.  

Under this supposition, the cortex appears to be slightly ahead of the 
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hippocampus in terms of the progression of hallmarks of disease, and that the 

hypothalamus lags further behind. 

When the four brain regions of interest were compared in infected 

hamsters only, at least some significant differences were observed between 

brain regions at all time points.  At 19 dpi, GFAP staining was significantly higher 

in the hippocampus than in the cortex (p<0.002) and the thalamus (p<0.015).  

The number of vacuoles in the cortex was significantly greater than in the 

hypothalamus and the thalamus (p<0.05 in both cases), while the area covered 

by vacuoles in the hippocampus was significantly greater than in the 

hypothalamus (p<0.025).   

Beginning at 33 dpi, no further differences were observed in GFAP 

staining, although PrPSc deposition in the thalamus was significantly greater than 

in all other brain regions studied (p<0.005 cortex; p<0.03 hippocampus; p<0.05 

hypothalamus).  The area covered by vacuoles in the hypothalamus was 

significantly lower than in the cortex (p<0.05) and the hippocampus (p<0.03), 

although no significant differences were observed in the number of vacuoles in 

different brain regions.  At 47 dpi, PrPSc deposition in the thalamus was 

significantly greater than in the hippocampus (p<0.01) and the hypothalamus 

(p0.015).  Vacuole number was significantly lower in the hypothalamus than in 

the thalamus (p<0.05), while vacuole area in the hypothalamus was significantly 

lower than in both the cortex (p<0.05) and the thalamus (p<0.01).  At 61 dpi, 

PrPSc deposition was significantly greater in the thalamus than in all other brain 
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regions (p<0.001 in all cases), while no significant differences were observed 

with respect to spongiform change or gliosis.   

3.3.3 Progression of Histological Changes in Scrapie-Infected Hamsters 

Initial evaluation of histological data at each time point was unable to 

explain the differences observed on MR images, so the patterns of onset of 

histological hallmarks of prion disease were examined.  Beginning with 

spongiform change (Figure 19 A), three of the regions of interest present similar 

curves: the cortex; the hippocampus; and the hypothalamus.  In each case, the 

percentage of the area covered by vacuoles remains at an essentially constant 

level through 47 dpi before a spike at 61 dpi; the levels observed in the 

hypothalamus remain lower than the other two regions throughout.  In 

comparison, the percentage of the thalamus covered by vacuoles begins on the 

order of that in the hypothalamus before a linear increase through the final two 

time points, making the thalamus the most highly vacuolated region at both 47 

and 61 dpi.  The curves of all four regions effectively parallel each other in the 

increasing stage; this seems to indicate that once spongiform change begins to 

occur, it appears at the same pace, regardless of brain region.  Spongiform 

change cannot, however, be evaluated solely on the basis of the fraction of a 

brain section that is covered by vacuoles; the number of vacuoles present is also 

important.  In the four brain regions studied, the curves representing area 

covered by vacuoles were effectively mirrored by those representing the number 

of vacuoles in a given area of tissue (Figure 20).  In each case the increase in 

vacuole area, once initiated, was more rapid than that in number of vacuoles.  
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This is intuitive, since the total vacuole area increases not only with the 

addition of new vacuoles, but with the expansion of those vacuoles that were 

already present. 

Although PrPSc deposition follows a similar pattern to that of spongiform 

change, it is not identical (Figure 19 B).  Once again, the cortex, hippocampus, 

and hypothalamus share almost identical curves, with no real change over the 

first three time points before an increase at 61 dpi.  In this case, the level of PrPSc 

in the cortex at 61 dpi is clearly higher than those in either the hippocampus or 

the hypothalamus.  Contrary to any observations regarding spongiform change, 

PrPSc levels in the thalamus begin to increase at the first opportunity, and 

continue to do so throughout the time course studied.  This increase accelerates 

over time, with the curve becoming almost exponential (take note of the scale 

break in Figure 19 B). 

 When gliosis levels were examined, all four brain regions showed similar 

results:  gliosis levels were constant in each brain region between 19 and 47 dpi, 

with an increase of varying degree at 61 dpi.  The cortex and thalamus, which 

began with slightly lower glial cell levels than the hippocampus and the 

hypothalamus, experienced a greater increase at the end of the time period 

studied, producing higher final gliosis measurements. 

Contrary to expectations, when histological characteristics were examined 

as a function of time, the thalamus was the only region of the brain that 

significantly distanced itself from the other regions studied.  This observation was 

confirmed when patterns of spongiform change (total vacuole area and number 
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of vacuoles), PrPP

Sc
P deposition and gliosis were compared within individual brain 

regions (Figure 21).  In general terms, the results in the cortex, hippocampus, 

and hypothalamus were extremely similar (Figure 21 A-C).  In each case, the 

degree of each histological hallmark remained essentially constant between 19 

and 47 dpi, before increasing at 61 dpi.  Considering the rate of increase of each 

histological characteristic between 47 and 61 dpi, total vacuole area > PrPP

Sc
P 

deposition > gliosis in all three regions of the brain discussed here.   

 The thalamus is the only region of interest where there appears to be an 

order of onset of the different histological changes (Figure 21 D).  Specifically, an 

increase in PrP P

Sc
P levels is evident as of 33 dpi; vacuole levels increase as of 47 

dpi; and proliferation of glial cells materializes at 61 dpi only.  In fact, gliosis 

levels in the thalamus share the same pattern as all of the histological changes in 

the other three regions of interest.  While PrPP

Sc
P deposition is the first 

characteristic to experience an increase, the rate of increase in spongiform 

change is greater during the period from 33 to 47 dpi.  It is only during the period 

between 47 and 61 dpi that the rate of PrPP

Sc
P deposition increases beyond that of 

spongiform change, which undergoes a constant increase (again note the scale 

break in Figure 21 D).  This observation highlights the second difference between 

the thalamus and the other regions of interest:  while vacuoles appear at a 

constant rate in the thalamus, PrPP

Sc
P reproduction seems to be exponential in 

nature.  It was impossible to detect changes in the rate of appearance of any 

histological hallmarks of prion disease in the cortex, hippocampus, or 
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hypothalamus since no increases occur until the last time point studied; the use 

of additional time points may have allowed these observations. 

3.4 Pentosan Polysulphate Treatment Study 

3.4.1 Progression of Symptoms in Scrapie-Infected Hamsters 

 Unlike in the initial MRI study described above, scrapie-infected hamsters 

pie-infected hamsters were euthanized once it was 

ms 

in the pentosan polysulphate treatment study were allowed to progress to the 

clinical stage of disease.  Scra

deemed that symptoms had progressed to a point where the hamsters could no 

longer function on their own.  Indications of this state included loss of interest in 

food, or difficulty feeding or drinking water; extreme lethargy; difficulty moving as 

a result of severe ataxia; and significant weight loss.  The duration of symptoms, 

from their first appearance until the time at which hamsters were euthanized, was 

on the order of ten to fourteen days.  The first indication of disease was invariably 

slight bobbing of the head during walking.  In the initial stages, this head bobbing 

was very difficult to distinguish from normal, slight motion, which occurs regularly 

as hamsters walk.  Over the course of a day or so, the bobbing motion 

progressed to the point that it was clearly evident as a symptom.  From then on, 

the head bobbing was the most immediately obvious symptom of disease, and it 

was not restricted to times when the hamster was walking.   

Over the course of the next several days, most hamsters began to exhibit 

periods of hyperactivity of varying extent and duration.  At later stages, these 

were sometimes interspersed cyclically with periods of no activity.  Progressive 

ataxia of the limbs was another symptom, although it was not consistent in ter
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of a ne side of the body 

or the other.  As ataxia progressed, it resulted in problems with mobility, which 

could take several forms.  Common forms i ages included:  dragging of 

the hind limbs; using the hind limbs to pr rward, with the front end 

sn imb ataxi g on one side, due to 

ataxia in t side of the bo  in a circular motion, due 

to ataxia in one front limb.  Less frequently, hamsters would spontaneously roll 

ately right themselves and carry on, but as disease progressed, hamsters 

mselves, 

and would sometimes remain on th r back for several seconds.   

al stag  of dise e, ham ers would lose interest in food, or else 

uld le to ssfu  feed se n so e c ecause of 

len bbing pre  th om the food pellet.  As a result 

faili  som  in c bina ith ued per , hamsters 

uthanized.  Hamsters that did not remain hyperactive through the final stages of 

disease often b d at least in part from 

vastly decreased mobility due to severe ataxia, and in turn contributed to the 

inability of those hamsters to feed themse

crapie-infect  hamsters ha al symptoms 

common to all affected hamsters.  While there were variations in many of these 

symptoms that resulted in a range of patterns of disease progression, these 

ffecting primarily the front or hind limbs, or the limbs on o

n late st

opel the body fo

ow-ploughing due to front l a; frequent fallin

 both limbs on tha dy; and moving

onto their back, typically during periods of hyperactivity.  Initially, they would 

immedi

that continued these back rolls would have more difficulty righting the

ei

In the fin es as st

wo be unab  succe lly  them lves, i m ases b

vio t head bo  t t ha vented em fr biting 

of ng to eat, etimes om tion w contin hy activity

often lost significant body weight in the last few days before they were 

e

ecame extremely lethargic; this likely resulte

lves.   

Disease progression in s ed d sever
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patterns did not correlate with particular PPS treatment regimens.  Thus, while 

PPS treatment altered survival time in scrapie-infected hamsters (see below), it 

did not obviously alter disease progression, with respect to quality of life, or 

duration of disease as measured from the first appearance of symptoms to the 

time at which hamsters were euthanized. 

3.4.2 Effects of Pentosan Polysulphate Treatment on Survival Time in 

Scrapie-Infected Hamsters 

 The survival times of scrapie-infected hamsters receiving different PPS 

treatment regimens were compared (Table 12).  Figure 22 A and B show the 

survival curves and the mean survival times of the six treatment groups, 

respectively.  Hamsters receiving intra-cerebral PPS at the time of infection had 

significantly longer survival times than any other group (Table 13, p<0.03 in all 

cases); and there was more variability in survival time within the two treatment 

groups receiving intra-cerebral PPS than in the other four treatment groups.  

Since some large differences in survival time between PPS treatment groups 

were not found to be statistically significant, and because there was a small 

number of animals in each group, the power of the comparison was tested (Table 

14).  When the observed population standard deviation of 13.2468 was used in 

the calculation, the power was only 0.6149, providing a potential reason why 

apparent differences between treatment groups were not found to be significant.  

However, when the standard deviation of the incubation period from the literature 

[215] was used to produce a standard error of 4.4721, the resulting power was 

1.0.  This indicates that while the observed data did not provide for an ideally  
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Table 12.  Survival Time in Hamsters Receiving Different PPS 
Treatment Regimens. 

  
Treatment Group Mean Survival Time (+/-s.e) 

No Treatment 82 +/- 0 
I.p. PPS at 0 dpi 93+/- 1.528 

I.p. PPS at 26 dpi 80.333 +/- 1.333 
I.p. PPS at 26, 40, and 54 dpi 86.667 +/- 1.856 

I.c. PPS at 0 dpi 115 +/- 8.185 
I.c. PPS at 26 dpi 93.667 +/- 4.91 

  
No I.c. PPS (first 4 groups) 85.5 +/- 1.593 

I.c. PPS (last 2 groups) 104.333 +/- 6.401 
PPS:  pentosan polysulphate; i.p.:  intra-peritoneal; i.c.:  intra-

mean. 

Table 13.  Differences in Survival Time in Hamsters Receiving Different PPS 

cerebral; dpi:  days post injection; s.e.:  standard error of the 

 

Treatment Regimens. 
  

  p values 
Group ID 1 2 3 4 5 6 

1 No treatment   0.437 1 0.959 0.379 <0.002 
2 I.p. 0 dpi 0.437   0.301 0.871 1 <0.025 
3 I.p. 27 dpi 1 0.301   0.871 0.256 <0.001 
4 I.p. multiple 0.959 0.871 0.871   0.819 <0.005 
5 I.c. 27 dpi 0.379 1 0.256 0.819   <0.03 
6 I.c. 0 dpi <0.002 <0.025 <0.001 <0.005 <0.03   
PPS:  pentosan polysulphate; i.p.:  intra-peritoneal; i.c.:  intra-cerebral; dpi:  days 

 
post injection. 

 
Table 14. Power of Survival Time Comparison. 

 
Power 

Standard Deviation Used in Calculation
Analysis 

Literature Measured 
ANOVA - 6 Treatment Groups 1 0.6149 

t-test - i.c. PPS/No i.c. PPS 1 0.7610 
i.c. PPS:  intra-cerebral pentosan polysulphate treatment. 
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powerful study, this was unexpected given the literature.  The difference between 

the observed and literature standard errors can be attributed to the different 

treatment regimens. 

 Because of the increased variability within the intra-cerebral treatment 

groups, and because of their subsequent grouping for the purpose of MRI 

comparison (see below), all of the infected hamsters were divided into two 

groups:  those that received intra-cerebral PPS injection, and those that did not.  

The mean survival times of these two new groups are shown in Figure 23 and 

Table 12; hamsters that received intra-cerebral PPS treatment had significantly 

longer survival times than those that did not (p<0.005).  Examination of the power 

of this comparison yields similar results to the comparison of all treatment 

groups.  When the literature standard deviation is used, the resulting power is 

was ob

d 

1.0, but when the measured standard deviation is applied, the power is reduced,  

this time to 0.7610.  In this case it did not matter, as the only possible difference 

served to be significant. 

3.4.3 Effects of Pentosan Polysulphate Treatment on Magnetic Resonance 

Images of Scrapie-Infected Hamsters 

Scrapie-infected and mock-infected hamsters were divided into groups 

that received either no treatment, or one of five PPS drug regimens.  The 

hamsters were imaged by MRI every two weeks beginning at 19 dpi, until they 

exhibited severe signs of disease, or until 150 dpi in the case of mock-infected 

hamsters.  T2 relaxation times in the following regions were compared:  the 

cerebral cortex at the level of the thalamus, the hippocampus, the thalamus, an
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the hypothalamus in each of Slices 5 and 6; the lateral ventricles and 

surrounding region, septum, and cerebral cortex at the level of the septum in 

Slice 7.  In order to compare the mean T2 relaxation time in these regions of 

interes

the hippocampus of mock-infected hamsters.  

Figure

t, this measurement was expressed as a percentage of the mean T2 

relaxation time in the copper sulphate standard in the same image set.  Including 

a tube of copper sulphate as a reference sample facilitates the comparison of 

images obtained in different scanning sessions.  Any observed differences in 

measurements of this reference sample can then be attributed to differences in 

experimental conditions, and measurements of interest can be normalized using 

the reference.  Addition of copper sulphate shortens the T2 value of water, 

allowing for the observation of complete T2 relaxation, resulting in a consistent 

high intensity signal.   

3.4.3.1 Confounding Effects of Intra-cerebral Pentosan Polysulphate 

Treatment Require Consolidation of Hamster Groups 

Since previous MRI results indicated that hyperintensities, indicative of 

increased T2 relaxation time, appeared in the hippocampus in Slices 5 and 6 of 

scrapie-infected hamsters, this was the region of greatest initial interest.  

Unexpectedly, it quickly became apparent that intra-cerebral treatment with PPS 

resulted in hyperintensities in 

 24 compares T2 maps of Slice 6 in a mock-infected hamster that was 

treated intra-cerebrally with PPS, and a scrapie-infected hamster that did not 

receive intra-cerebral treatment.  Since intra-cerebral PPS treatment on its own 

drastically influenced T2 maps, the resulting temporal patterns of T2 relaxation 
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times in different hamster treatment groups were extremely complex.  In order to 

simplify the analysis, different treatment groups were examined for similar 

patterns.   

In Figure 25, temporal patterns of relative T2 values in the hippocampus in 

Slice 6 of mock-infected hamsters that did not receive intra-cerebral treatment 

with PPS are examined.  In parts A-D of the figure, the mean values for each of 

the four treatment groups are compared to the individual animals making up the 

group.  These figures demonstrate that while there is a certain amount of 

expected variation in pattern within each of these groups, all of the individual 

animal

up.  

s in a given group share the same overall pattern.  Figure 25 E compares 

the mean relative T2 values of each of the four treatment groups that were not 

treated intra-cerebrally with PPS to a new overall mean comprising all four of 

these groups.  Each of these four treatment groups share the same temporal 

pattern of relative T2 value in the hippocampus in Slice 6.  As a result, the new 

overall mean can be considered an accurate representation of the temporal 

pattern in all mock-infected hamsters that were not treated intra-cerebrally with 

PPS.  This new group will be known as Mock-Infected Hamsters Without I.c. PPS 

Treatment, or more briefly Mock-Infected No I.c. PPS; the composition of this 

group can be found in Table 2.   

In order to determine the effects of intra-cerebral treatment with PPS 

alone on T2 maps, the two groups of mock-infected hamsters that received this 

treatment were compared.  In Figure 26 A and B, the mean values for these two 

treatment groups are compared to the individual animals making up the gro
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While the overall degree of variation within each of these groups seems to be 

greater than in any of the four groups examined above, the patterns exhibited by 

individual animals within each of the groups remain broadly consistent.  Figure 

26 C compares the mean relative T  values in the hippocampus in Slice 6 in the 

two groups of mock-infected hamsters that received intra-cerebral PPS 

treatment, and establishes a new Mock-Infected I.c. PPS treatment group.  The 

temporal pattern of mean relative T  values of this new group can again be 

considered an accurate representation of all mock-infected hamsters that 

received intra-cerebral PPS. 

Figure 27 compares the groups of scrapie-infected hamsters that did not 

receive intra-cerebral PPS treatment in the same manner as above.  Parts A-D of 

the figure compare the temporal patterns of relative T2 values in the 

hippoc

apie-

infecte

2

2

ampus of Slice 6 in individual hamsters to the respective group means, 

while part E compares each of the group curves to a newly-produced mean curve 

of Scrapie-Infected No I.c. PPS hamsters.  In this case, there are enough 

differences between the groups of scrapie-infected hamsters that did not receive 

intra-cerebral PPS to merit closer examination of the individual groups.  Scr

d hamsters that received no treatment had constant relative T2 values 

between 19 and 61 dpi, before a steep increase at 75 dpi.  Individual scrapie-

infected hamsters that received a single PPS treatment intra-peritoneally at 26 

dpi also exhibited a consistent temporal pattern of relative T2 values:  a steep 

increase at 33 dpi was followed by an equally steep decrease at 47 dpi, with a 

return to high values for the final two time points (Figure 27 B).  For the most 
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part, individual scrapie-infected hamsters that received a single PPS treatment 

intra-peritoneally at the time of infection shared a common temporal pattern of 

relative T2 values until 75 dpi, after which some divergence occurred (Figure 27 

C).  The patterns of relative T2 values in individual scrapie-infected hamsters that 

received multiple intra-peritoneal PPS treatments were the most divergent in this 

group (Figure 27 D), but they retained enough similarities that the mean curve 

remained an acceptable representation of all individual hamsters. 

When all four scrapie-infected groups that did not receive intra-cerebral 

PPS treatment are considered together (Figure 27 E), the resulting curve for the 

new Scrapie-Infected No I.c. PPS hamster group is an acceptable, if not ideal 

representation of these hamsters.  It is important to note that towards the end of 

the curve, the number of hamsters that were being imaged was decreasing as 

hamsters were euthanized.  This meant that the data from individual hamsters 

gained a greater weighting in the mean representation, so that unusual data 

would not be hidden as much by the remaining, normal data. 

The remaining groups of scrapie-infected hamsters were those that were 

treated intra-cerebrally with PPS, either at the time of infection, or at 26 dpi.  

Temporal patterns of relative T2 values in the hippocampus in Slice 6 are 

compared in Figure 28:  individuals are compared to their respective group 

means in A and B, while the group means are compared to the curve for a new 

Scrapie-Infected I.c. PPS group in C.  Beginning with the group that received i.c. 

treatment at 26 dpi (between the first and second imaging sessions), it is 

apparent that PPS treatment elicited an immediate response in the form of a 
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steep increase in relative T2 values at 33 dpi.  Beyond this, there was some 

variation within the group, but the group mean curve was observed to be an 

acceptable representation of all individuals within the group.  The group of 

scrapie-infected hamsters that were treated intra-cerebrally with PPS at the time 

of infection is not only the group with the most in-group variation, but it is also the 

group whose individuals varied the most in survival time, resulting in individuals 

that were at different stages of disease progression at a given time point.  While 

the three individuals in this group represent three different patterns of relative T2 

values in the hippocampus in Slice 6, these differences exemplify the role of the 

different pace of disease progression in individual animals in the production of 

varying temporal curves of relative T2 value.   

When the two groups of scrapie-infected hamsters are combined to form a 

single Scrapie-Infected I.c. PPS group, the resulting curve is once again 

acceptable, if not ideal (Figure 28 C).  While the two group means diverge 

significantly from the newly produced mean curve between 33 and 61 dpi, the 

most important features of the curves are maintained.   

Given the results of the examination of relative T2 values in the 

hippocampus in Slice 6 of all hamsters in the study, it was concluded that the 

regrouping of hamsters as described above would be the best way to simplify the 

analysis.  The composition of the four new groups of hamsters is detailed in 

Table 2 (note that this changes between 19 and 33 dpi).  Although the 

representations provided by these new mean curves are not always ideally 
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accurate, particularly in the case of scrapie-infected hamsters that received intra-

cerebral PPS treatment, they do provide the best opportunity to execute a 

meaningful analysis.  Equivalent comparisons were also conducted in all of the 

regions of interest, in each of MRI Slices 5, 6, and 7 (data not shown), in order to 

confirm

3.4.3.2 Effects of Pentosan Polysulphate Treatment on MRI Slice 6 

When the two groups of scrapie-infected hamsters are considered, it is not 

possible to isolate the cause of changes in relative T2 values.  While the Scrapie-

Infected No I.c. PPS group can be thought of as being influenced by scrapie 

infection only, this is an oversimplification.  Some members of this group that 

received intra-peritoneal PPS treatment had longer survival times than others. 

 the validity of the regrouping. 

In Figure 29, the temporal patterns of relative T2 values in the 

hippocampus in scrapie-infected and mock-infected hamsters that either received 

or did not receive intra-cerebral PPS are compared.  By initially considering the 

two groups of mock-infected hamsters only, the effects of intra-cerebral PPS 

treatment alone on relative T2 values in the hippocampus in Slice 6 can be 

ascertained.  The differences between these two groups are clear from the outset 

of the experiment:  relative T2 values in mock-infected hamsters that received i.c. 

PPS were considerably higher than those in hamsters that were not treated in 

that manner.  This difference was maintained until the late stages of the 

experiment, when the two curves began to converge, culminating at 145 dpi, 

when the difference disappeared completely.   
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Since this is evidence of an alteration in disease progression, it follows that this 

could also hav  points.  Having 

s th fecte sters a ock-

Infecte sters, the c s diverge at  the 

scrapie- rs register er relativ ese 

ti n rs that received i.c. PPS 

treatme  relat hose  19 

and 61 dpi.  Beyond this point, the curves converge and maintain similar values 

fo e rimen p has 

highe a ro  not 

a o  t S group.  These data seem 

to ind t a lead 

lu in 

modula  on the same hamsters, their effects begin to oppose 

one another.   

 Although the hippocampus was the brain region of greatest interest in MRI 

Slice 6 because of previous results, r regions were trac  as well:  the 

r groups in Figure 30.  Two broad 

observations regarding these graphs are sufficient for the time being.  First, in 

each hamster group, the relative T2 value curves of the cortex, the thalamus, and 

the hypothalamus all closely follow that of the hippocampus.  Second, the relative 

T2 values in the hippocampus and the hypothalamus are consistently higher than 

e an effect on relative T2 values at specific time

aid at, when Scrapie-In d No I.c. PPS ham re compared to M

d No I.c. PPS ham urve 61 and 75 dpi, with

infected hamste ing high e T2 values at th

mepoints.  In compariso , scrapie-infected hamste

nt maintain higher ive T2 values than t  that did not between

r th  duration of the expe t.  While the Scrapie-Infected I.c. PPS grou

r relative T2 values th n the two No I.c. PPS g ups, these values do

ppr ach those attained by he Mock-Infected I.c. PP

icate that while both intra-cerebral PPS treatmen nd scrapie infection 

to increased relative T2 va es in the hippocampus Slice 6, when these two 

tions are exercised

three othe ked

cortex, the thalamus, and the hypothalamus.  All four of these regions are 

compared in each of the four hamste
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those in the cortex and the thalamus in a given hamster group.  In Figure 31, 

each of the four brain regions of interest is compared between hamster groups.  

There are no obvious differences in the patterns of any of the four brain regions.   

 of the hamsters were imaged, 

rials and 

Methods); these values were lower than they likely would have been if they had 

been produced in the usual manner.  Between 33 and 61 dpi, and at 89 dpi, 

relative T2 values maintained the following order:  Mock-Infected I.c. PPS > 

Scrapie-Infected I.c. PPS > Scrapie-Infected No I.c. PPS > Mock-Infected No I.c. 

PPS.  At 33 and 61 dpi relative T2 values in the two groups that did not receive 

i.c. PPS treatment were significantly lower than in the other two groups, while 

differences between all groups were statistically significant at 47 dpi.  At 75 dpi,  

In order to compare the relative T2 values in all regions of interest in 

scrapie- or mock-infected hamsters that did or did not receive intra-cerebral PPS 

treatment, a multi-way, or factorial, analysis of variance was conducted at each 

time point with treatment group and brain region as the independent variables.  

When this was impossible due to heterogeneity of variances, the equivalent non-

parametric analyses were conducted.  Instances of statistically significant 

differences are summarized in Tables 15 and 20 to 27 (the latter can be found in 

Appendix 2).  Beginning with the comparison of hamster groups, including pooled 

data from all brain regions, a number of observations can be noted.  At 19 dpi, 

Scrapie-Infected No I.c. PPS hamsters recorded significantly lower relative T2 

values than the other three groups.  This result was influenced in part by the 

absence of a copper sulphate standard when three

resulting in relative values produced in another manner (see Mate
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Table 15.  Summary of all Slice 6 MRI Comparisons. 
 

dpi Group Comparison Region Comparison Groups x Region  
19 D<A,B,C (p<0.025) NS Table 20, Appendix 2 

B and D<A and C Hippo>Cortex,Thalamus 
(p<0.02) 

3

(p<0.001) Hypothal>Cortex (p<0.015)
Table 21, Appendix 2 

3 

Significant Differences Hippo and Hypothal>Cortex 
and 

47 

(p<0.03) Thalamus (p<0.015) 
Table 22, Appendix 2 

between all groups 

B and D<A and C Cortex<Hippo and Hypothal61 
(p<0.001) (p<0.05) 

Table 23, Appendix 2 

NS between C and D; 
all other Hippo>Cortex, Thalamus; 75 

(p<0.001) Hypothal>Cortex (p<0.04) 
Table 24, Appendix 2 

differences significant 

NS between B and D; 
all other Hippo>Cortex, Thalamus; 89 

differences significant 
(p<0.01) Hypothal>Cortex (p<0.0055)

Table 25, Appendix 2 

Significant Differences 
between 

103 

all groups (p<0.001) 
Hippo>Cortex (p=0.04687) Table 26, Appendix 2 

117 A>B,C (p<0.001) Hippo>Cortex, Thalamus Table 27, Appendix 2 (p<0.05) 
Mock I.c. PPS 
Hippo>Mock 

131 
A>B (p=0.01) NS 

no I.c. Cortex (p<0.025)
145 

(p<0.05) NS Hippo>Cortex,Thalamus NS 

Statistically significant results indicated in black.  A:  Mock-infected i.c. PPS; B:  

i.c. PPS.  Hippo:  Hippocampus; Hypothal:  Hypothalamus.  Dpi:  days post 
Mock-infected No i.c. PPS; C:  Scrapie-Infected i.c. PPS; D:  Scrapie-Infected No 

injection; NS:  no significant differences. 
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Scrapie-Infected No I.c. PPS hamsters had greater relative T2 values than 

Scrapie-Infected I.c. PPS hamsters, although differences were not significant.  

Other than that change, the order of groups noted above remained the same, 

and differences between all other groups were statistically significant.  At 89 dpi, 

the last time point at which all four groups remained in the study, differences 

between all groups except those that did not receive intra-cerebral PPS 

treatment were statistically significant.  At 103 and 117 dpi (the last two time 

points at which scrapie-infected hamsters were imaged), the following order of 

groups was maintained:  Mock-Infected I.c. PPS > Mock-Infected No I.c. PPS > 

Scrapie-Infected I.c. PPS.  Differences between all groups were significant at 103 

dpi, while relative T2 values in Mock-infected I.c. PPS hamsters were significantly 

greater than the other two groups at 117 dpi.  Mock-Infected I.c. PPS hamsters 

retained significantly greater relative T2 values than Mock-Infected No I.c. PPS 

hamsters at 131 dpi, while there were no significant differences at 145 dpi.    

  When data from all four hamster groups were pooled and the four regions 

of interest in the brain were compared, the situation was much simpler than the 

previously discussed comparison:  relative T2 values in the hippocampus and the 

hypothalamus were consistently higher than in the thalamus and the cortex.  

Instances when these differences were statistically significant are listed in Table 

15.   

Differences between brain regions in different hamster groups (Group x 

Region) were also compared; Tables 20-27 in Appendix 2 summarize significant 

differences in these comparisons.  At 19 dpi, most regions in Scrapie-Infected No 

 131



I.c. PPS hamsters had significantly lower relative T2 values than most regions in 

the two groups that received i.c. PPS treatment.  At 33 and 47 dpi, significant 

differences were frequent between regions in hamsters that received i.c. PPS 

treatment compared to hamsters that di t receive i. ly, 

significant differences between regions in a given hamster group were rare, not 

o at o fact the only instances 

of sig fferences were th  relative T2 values in the 

hippocampus were greater than in the ck-Infected No I.c. PPS 

hamsters; a n the hypothalamus were greater than in the cortex in 

Scrapie-Infected No I.c. PPS hamsters.  Between 61 and pi, 

significant differences were less frequent  

did occur, they were predominantly bet ions in Mock-Infected I.c. PPS 

and Moc PS hamsters.  At 103 dpi, rela st 

c. PPS hamsters were greater t in 

nd Mock-Infect o I.c. PPS hamsters.  At the final 

 differences were rare. 

ral PPS treatment induced changes on 

T2 maps of MRI Slice 6 that were similar to those induced by scrapie infection, 

two more MRI slices of interest were examined to determine whether this was a 

common phenomenon.  In MRI Slice 5, the other slice where hyperintensities had 

previously been observed in the hippocampus, this was indeed the case (Figure 

32).  The Slice 5 data were evaluated in the same manner as the Slice 6 data in  

d no c. PPS.  Converse

nly 33 and 47 dpi, but thr ughout the experiment.  In 

nificant di e following at 47 dpi: 

cortex in Mo

nd values i

89 dpi, and at 117 d

than at earlier time points.  When they

ween reg

k-Infected No I.c. P tive T2 values in mo

regions in Mock-Infected I. han in most regions 

Scrapie-Infected I.c. PPS a ed N

two time points, significant

3.4.3.3 Effects of Pentosan Polysulphate Treatment on MRI Slice 5 

Having established that intra-cereb
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order to confirm that reducing the number of hamster groups was an acceptable 

means of reducing complexity.  These data will not be presented here, but they 

did conform to the requirements.   

 The regions of interest in MRI Slice 5 were the following:  the 

hippocampus, the thalamus, the hypothalamus, and the cortex at the level of the 

thalamus.  Relative T2 values in all four of these regions are compared in each of 

the four hamster groups in Figure 33.  As in Slice 6, it was apparent that the 

temporal patterns of relative T2 values in different brain regions were very similar 

in a given hamster group.  The relative T2 values of the four hamster groups were 

also compared in each of the four regions of interest (Figure 34), and these four 

graphs were very similar as well.  As a general rule, the curves of Mock-Infected 

I.c. PPS and Mock-Infected No I.c. PPS hamsters marked the boundaries of the 

range of relative T2 values over most of the time course, while the curves of 

Scrapie-Infected I.c. PPS and Scrapie-Infected No I.c. PPS hamsters were both 

intermediate in value, and less linear than their counterparts.   

alues in Scrapie-Infected No I.c. PPS hamsters were 

significantly lower than in the other three groups, as they had been in Slice 6.  

As described earlier, a multi-way analysis of variance was used to 

compare hamster groups, brain regions, and Group x Region with regards to 

relative T2 value.  Statistically significant differences are tabulated in Tables 16 

and 28 to 35 (the latter can be found in Appendix 2).  Data from all four brain 

regions were pooled to compare values in the four different hamster groups.  At 

19 dpi, relative T2 v
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Table 16.  Summary of all MRI Slice 5 Comparisons 
 

dpi Group Comparison Region Comparison Groups x Region 
D<A,B,C (p<0.002) 19 

 
NS Table 28, Appendix 2

B and D<A and C  33 
(p<0.001) 

NS Table 29, Appendix 2

Significant differences  Hypothal>Cortex, Thalamus;47 

(p<0.001) 
 between all groups Hippo>Cortex (p<0.05) 

Table 30, Appendix 2

NS between A and C; all Cortex<Hippo, Hypothal other 
61 

differences significant (p<0.05) 
Table 31, Appendix 2

(p<0.0015) 
NS between C and D; all Cortex<Hippo, Hypothal other 

75 

differences significant 
Table 32, Appendix 2

(p<0.002) (p<0.01) 

A>B,C,D (p<0.001) Cortex<Hippo, Hypothal 89 
 (p<0.01) 

Table 33, Appendix 2

Significant differences  103 

(p<0.002) 
between all groups NS Table 34, Appendix 2

A>B,C (p<0.001) 117 NS Table 35, Appendix 2
 

A>B (p<0.01) 131 NS NS 
 

145 NS NS NS 

Statistically significant results indicated in black.  A:  Mock-infected i.c. PPS; B:  

i.c. PPS.  Hippo:  Hippocampus; Hypothal:  Hypothalamus.  Dpi:  days post 

 

Mock-infected No i.c. PPS; C:  Scrapie-Infected i.c. PPS; D:  Scrapie-Infected No 

injection; NS:  no significant differences. 
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At 33 dpi, relative T2 values in the two groups that received intra-cerebral PPS 

treatment were significantly greater than those in hamsters that did not receive 

of mean relative T 7 a

Infected I.c. PPS > Scrapie-Infected I.c. PPS> Scrapie-Infected No I.c. PPS > 

Mock he follow e T2 

v e . PP rea

Infected I.c. PPS hamsters.  At 47 dpi, differences between all groups were 

sign ces between all groups except Mock-Infected 

I.c. P  PPS we icant.  At 75 dpi, differences 

b  two gro  

while ters ha tly higher relative T2 values 

than all ot  dpi.  At 103 and 117 dpi, the order of relative T2 

s in hamster groups changed s cte

Infected No I.c. PPS > Scrapie-Infected I.c tween all groups 

were significant at 103 dpi, while Mock-Infected I.c. PPS hamsters had 

ficantly greater relative T2 values em

dpi.  At 131 and 145 dpi, only the two groups of mock-infected hamsters 

 

When pooled data from all four hamster groups were used to compare the 

four brain regions of interest, relative T2 values were generally greater in the 

hippocampus and the hypothalamus than in the cortex and the thalamus, 

although significant differences were observed only between 47 and 89 dpi.  At 

i.c. PPS.  The order 2 values between 4 nd 89 dpi was Mock-

-Infected No I.c. PPS, with t ing exception:  at 75 dpi, relativ

alu s in Scrapie-Infected No I.c S hamsters were g ter than in Scrapie-

ificant, while at 61 dpi differen

PS and Scrapie-Infected I.c. re signif

etween all groups other than the  scrapie-infected ups were significant,

 Mock-Infected I.c. PPS hams d significan

her groups at 89

value uch that Mock-Infe d I.c. PPS > Mock-

. PPS.  Differences be

signi  than both other r aining groups at 117 

remained; at 131 dpi, those that received intra-cerebral PPS retained significantly

greater relative T2 values, while there were no significant differences at 145 dpi. 
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all of these time points, relative T  values in the hippocampus and the 

hypothalamus were significantly greater than those in the cortex, while values in 

the hypothalamus were also significantly greater than those in the thalamus at 47 

dpi. 

as this group had significantly 

lower relative T  values than all other groups when data from all brain regions 

were pooled.  At 33 dpi, significant differences were restricted to comparisons 

between regions in hamsters that received intra-cerebral PPS with regions in 

hamsters that did not.  The 47 dpi time point saw the largest number of 

significant differences, including between Scrapie-Infected No I.c. PPS and 

Mock-Infected No I.c. PPS hamsters.  These differences persisted at 61 and 75 

dpi, while differences between the two groups of scrapie-infected hamsters 

disappeared.  At 103 and 117 dpi, nearly all observed significant differences 

occurred between Mock-Infected I.c. PPS hamsters and the other remaining 

groups, while no significant differences were observed at 131 and 145 dpi.  At no 

time point were there significant differences between different brain regions in a 

given hamster group. 

2

As expected, the most complex assessment to decipher was the Group x 

Region comparison, where all regions of interest in all hamster groups were 

compared (Tables 28-35, Appendix 2).  However, it was possible to identify 

trends in instances of statistically significant differences.  For example, at 19 dpi, 

Scrapie-Infected No I.c. PPS hamsters were involved in all statistically significant 

comparisons; this result was not unexpected, 

2
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3.4.3.4 Effects of Pentosan Polysulphate Treatment on MRI Slice 7 

of the other two regions, there are 

some notable differences.  In the two mock-infected groups, increases in relative 

T2 values that are observed in both the septum and the cortex are much more 

evident in the lateral ventricles, resulting in divergence between their curves.  

The last brain slice to be evaluated for differences in relative T2 values 

was MRI Slice 7.  As in the two brain slices discussed previously, it was 

observed that intra-cerebral PPS treatment resulted in similar changes on T2 

maps as scrapie infection (Figure 35).  In this slice, the regions of interest were 

the cortex at the level of the septum; the septum; and the area surrounding the 

lateral ventricles, including the ventricles (Figure 6 C).  Relative T2 values in 

these regions are compared in each of the four hamster groups in Figure 36.  As 

in Slices 5 and 6, it was apparent that the temporal patterns of relative T2 values 

in different brain regions were very similar in a given hamster group.  In 

particular, the patterns of relative T2 values in the septum and the cortex are very 

nearly identical in all four hamster groups.  In comparison, while the curves of the 

lateral ventricles agree largely with those 

Perhaps of greater importance is that both scrapie-infected groups as well as 

Mock-Infected I.c. PPS hamsters show a clear difference between relative T2 

values in the lateral ventricles and those in the cortex and septum from the outset 

of the experiment.  In comparison, Mock-Infected No I.c. PPS hamsters, which 

did not receive either of the manipulations that resulted in MR image 

abnormalities, do not exhibit a large difference between the lateral ventricles and 

the other regions of interest until late in the time course. 
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The relative T2 values of the four hamster groups were also compared in 

each of the three regions of interest 7).  As in the other slices, the 

curves of Mock-Infected I.c. PPS and Mock-Infected No I.c. PPS hamsters 

ma undari e ra rela 2 values over most of the time 

S and Scrapie-Infected No I.c. 

PPS hamsters were intermediate in value.  It is notable that during the period 

between 47 dpi and 89 dpi, the separation between the curves of the two 

scrapie-infected hamster groups and the Mock-Infected No I.c. PPS group is 

greater in the lateral ventricles than in the cortex and the septum. 

As discussed previously, three evaluations were carried out, based on 

hamster group, brain region, and Group x Region; results are tabulated in Tables 

17 and 36 to 44 (the latter can be found in Appendix 2).  Beginning with the 

comparison of hamster groups using data pooled from all brain regions of 

interest, results were similar to those observed in the other slices.  At 19 dpi, 

relative T2 values in Scrapie-Infected No I.c. PPS hamsters were significantly 

lower than in all other groups, while those in Mock-Infected No I.c. PPS hamsters 

were significantly lower than in Mock-Infected I.c. PPS hamsters.  At 33 dpi, 

there were no significant differences between the two groups that received intra-

cerebral PPS treatment, while differences between all other groups were 

significant.  At 47 and 61 dpi, the order of relative T2 values was Mock-Infected 

I.c. PPS > Scrapie-Infected I.c. PPS > Scrapie-Infected No I.c. PPS > Mock-

Infected No I.c. PPS, while the two scrapie-infected groups switched places at 75 

and 89 dpi.  

(Figure 3

rked the bo es of th nge of tiv  Te

course, while the curves of Scrapie-Infected I.c. PP
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Table 17.  Summary of all MRI Slice 7 Comparisons. 
 

dpi Group Comparison Region Comparison Groups x Region 

D<all others; B<A (p<0.005) Septum 
Ventricles>Cortex, 19 Table 36, Appendix 2

 (p<0.05) 

NS be  Atween  an C; a entric >Cortex, 
md ll other V les

Septu  
33

(p<0.02) (p .01

ble 37 ppend 

differences significant 

Ta , A ix 2

<0 ) 

NS between B and D; all other C
S tum

Ventricles> ortex, 
ep  

47 

differe n p 1) 

 3 eTable 8, App ndix 2

nces sig ificant ( <0.001) (p<0.0
NS b  a ntri s>Cetween C and D; ll other Ve cle ortex  61 

ere 0
e enT bla 39, App dix 2

diff n igces s nificant (p<0.002) (p=0.0 2) 

NS be  C and D; all other CVentricles> ortex, tween Septum 
75  eTable 40, App ndi 2x 

differences significant (p<0.002) (p<0.001) 

NS between Ventricles>Cortex,  C and D; all other Septum 
89 Table 41, Appendix

differences significant (p<0.002) (p<0.001) 

 2

A>B>C (p<0.001) 
Ventricles>Cortex, 

Septum 
103 

 (p<0.01) 

Table 42, Appendix 2

A>B and C (p<0.001) 
Ventricles>Cortex, 

Septum 
117 

 (p<0.001) 

Table 43, Appendix 2

NS 
Ventricles>Cortex, 

Septum 
131 

 (p<0.001) 

Table 44, Appendix 2

A<B (p<0.015) 
Ventricles>Cortex, 

Septum 
Mock No I.c. Hippo>all 

others 
145 

 

(p<0.001) except  
Mock I.c. 

Hippo(p<0.005) 
Statistically significant results indicated in black.  A:  Mock-infected i.c. PPS; B:  
Mock-infected No i.c. PPS; C:  Scrapie-Infected i.c. PPS; D:  Scrapie-Infected No 
i.c. PPS.  Dpi:  days post injection; NS:  no significant differences. 
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At all of these time points, differences between all groups were statistically 

significant, with the following exceptions:  Scrapie-Infected No I.c. PPS and 

Mock-Infected No I.c. PPS hamsters at 47 dpi; and Scrapie-Infected I.c. PPS and 

Scrapie-Infected No I.c. PPS hamsters at 61, 75 and 89 dpi.  At 103 and 117 dpi, 

the order of relative T2 values was Mock-Infected I.c. PPS > Mock-Infected No 

I.c. PPS > Scrapie-Infected I.c. PPS, with significant differences observed 

between all groups with the exception of Mock-Infected No I.c. PPS and Scrapie-

Infected I.c. PPS at 117 dpi.  There were no significant differences at 131 dpi, 

while relative T2 values in Mock-Infected No I.c. hamsters were greater than 

those in Mock-Infected I.c. hamsters at 145 dpi. 

When pooled data from all hamster groups were used to compare relative 

T2 values in the regions of interest, values in the lateral ventricles were 

significantly greater than those in both the cortex and the septum at all time 

points studied, except for at 61 dpi, when they were significantly greater than 

those in the cortex only.  It is easiest to address the complex Group x Region 

comparison by first making any broad observations that are possible.  As 

observed in the other two MRI slices, significant differences between regions in a 

given hamster group were rare.  In this case, there were several instances:  at 47 

dpi, values in the lateral ventricles were significantly greater than in the cortex in 

Scrapie-Infected No I.c. PPS hamsters; at both 117 and 131 dpi, values in the 

lateral ventricles were significantly greater than in both the cortex and the septum 

in each of the two mock-infected hamster groups.  With regards to significant 

differences in general, results were very similar to the two MRI slices discussed 
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above.  At 19 dpi, most of the significant differences involved regions in Scrapie-

Infected No I.c. PPS hamsters.  At subsequent time points, most significant 

differences occurred between hamsters that received intra-cerebral PPS 

treatment and those that did not.  This emphasis gradually shifted such that 

regions in Mock-Infected No I.c. PPS hamsters progressively became the 

common denominator in most occurrences of significant differences up until 75 

dpi.  At 89 and 117 dpi, the group most commonly involved in significant 

differences was Mock-Infected I.c. PPS, while regions in each hamster group 

were significantly different from each other group most of the time at 103 dpi.  At 

131 dpi, relative T2 values in the lateral ventricles in both remaining hamster 

groups were significantly greater than those in the cortex and the septum in both 

hamster groups.  At 145 dpi, relative T2 values in the ventricles in Mock-Infected 

No I.c. PPS hamsters were significantly greater than those in the cortex and 

septum in both remaining hamster groups. 

 Intra-cerebral treatment of hamsters with pentosan polysulphate resulted 

in drastic changes on MR images.  In scrapie-infected hamsters, images were 

altered even by intra-peritoneal PPS treatment compared to scrapie-infected 

hamsters that received no PPS treatment whatsoever.  In order to explore the 

causes of scrapie-induced changes on MR images of hamster brains, different 

brain regions were previously examined at two week intervals between 19 and 61 

dpi for three histological hallmarks of prion disease:  spongiform change; 

3.4.4 Effects of Pentosan Polysulphate Treatment on Histology in Scrapie-

Infected Hamsters 
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accumulation of PrPSc; and gliosis.  Although it was determined that 

abnormalities on MR images caused by scrapie infection could not be explained 

by histological changes, they remain the gold standard indicators of prion 

disease progression.  As such, it was important to determine whether PPS 

treatment could influence the progression of histological changes in scrapie-

infected hamsters, and whether it caused any changes in mock-infected 

hamsters.   

is confirmed that mock-infection of 

hamsters did not result in the appearance of any histological changes typical of 

prion disease, the evaluation was adjusted such that mock-infected hamsters 

were excluded.     

 In order to accomplish this, hamsters from all groups were evaluated for 

these histological hallmarks after they were euthanized.  Initially, hamsters 

remained in the four groups used in the comparison of MRI results, and the 

following four regions were evaluated:  the hippocampus; the cortex at the level 

of the thalamus; the thalamus; and the hypothalamus.  When data from all 

regions were pooled and hamster groups were compared, the two scrapie-

infected groups had significantly greater measurements than mock-infected 

groups with respect to all three histological hallmarks (p<0.001 for gliosis, PrPSc 

deposition and vacuolation area).  Since th
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3.4.4.1 Influence of Intra-cerebral PPS Treatment on Histology in Scrapie-

Infected Hamsters 

 In this new evaluation, the two remaining hamster groups, namely 

Scrapie-Infected I.c. PPS and Scrapie-Infected No I.c. PPS were evaluated with 

respect to hamster group, brain region, and Group x Region comparisons.  When 

data from all regions of interest were pooled, no significant differences were 

found between Scrapie-Infected I.c. PPS and Scrapie-Infected No I.c. PPS 

hamsters with respect to any of the histological hallmarks of prion disease.  

Considering PrPSc deposition, the difference approached statistical significance 

(p<0.08), with levels in hamsters that received I.c. PPS greater than in those that 

did not.  When different regions of the brain were compared for levels of PrPSc 

deposition, the following order was observed between regions:  thalamus >>> 

cortex > hypothalamus > hippocampus.  Differences between all regions except 

the cortex and the hypothalamus were statistically significant (Table 18).  Total 

vacuole area in the thalamus was significantly greater than in the hippocampus 

and the hypothalamus (p<0.025); although differences between the thalamus and 

the cortex approached statistical significance (p<0.07), there were no significant 

differences between other regions.  Similarly, no significant differences were 

observed in gliosis levels between any regions of the brain.   

 When groups and regions were evaluated together, no significant 

differences were observed between any Group x Region combinations with 

respect to gliosis levels.  Total vacuole levels in the hypothalamus of Scrapie- 
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Table 18.  Region Comparison of PrPSc Deposition in Scrapie-Infected 
Hamsters. 

 
p values 

 Hippocampus Cortex Thalamus Hypothalamus 
Hippocampus  <0.001 <0.001 <0.05 

Cortex <0.001  <0.001 0.36 
Thalamus <0.001 <0.001  <0.001 

Hypothalamus <0.05 0.36 <0.001  
Statistically significant results indicated in black.   
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Infected No I.c. PPS hamsters were significantly lower than those in the thalamus 

(p<0.005) and hypothalamus (p<0.05) in Scrapie-Infected I.c. PPS hamsters and 

the tha

 In order to evaluate the effects of PPS treatment on the appearance of 

histological hallmarks of prion disease, each of the six treatment groups were 

compared with respect to these hallmarks in each of the four regions of interest.  

In Figure 38 A, vacuolation levels are compared, with the treatment groups 

arranged based loosely on increasing survival time.  Comparing levels in a given 

brain region, a common pattern is observed, of increasing values in the first four 

treatment groups (in some cases, values increase only through the first three 

groups).  This increase did not hold in the two treatment groups that received  

lamus (p<0.002) of Scrapie-Infected No I.c. PPS hamsters.  When PrPSc 

deposition was compared in Group x Region combinations, a large number of 

instances of statistical significance were observed (Table 19).  The order of brain 

regions remained the same as in the comparison of brain regions only, and 

measurements from the same brain region were invariably close between the two 

hamster groups.  With respect to a given brain region, measurements in Scrapie-

Infected I.c. PPS hamsters were invariably greater than those in Scrapie-Infected 

No I.c. PPS hamsters.  However, differences between hamster groups in a given 

brain region were never statistically significant.   

3.4.4.2 Pentosan Polysulphate Slows the Appearance of Histological 

Hallmarks of 263K Scrapie in Hamsters 
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Table 19.  Group x Region Comparison of PrPSc Deposition in Scrapie-Infected Hamsters.
 

Group/Region ID p values 
 Group Region 1 2 3 4 5 6 7 8 

1 Hippo  0.437 <0.001 0.531 0.868 0.584 <0.001 1 
2 Cortex 0.437  0.06 1 <0.015 0.999 0.314 0.418 
3 Thal <0.001 0.06  <0.05 <0.001 <0.005 0.896 <0.001
4 

A 

Hypo 0.531 1 <0.05  <0.02 1 0.232 0.526 
5 Hippo 0.868 <0.015 <0.001 <0.02  <0.01 <0.001 0.476 
6 Cortex 0.584 0.999 .005 1 <0.01  <0.025 0.545 
7 Thal <0.001 0.314 0.896 0.232 <0.001 <0.025  <0.001
8 

B 

Hypo 1 0.418 <0.001 0.526 0.476 0.545 <0.001  
Statistically significant results indicated in black.  A:  Scrapie-Infected i.c. PPS; B:  
Scrapie-Infected No i.c. PPS.  Hippo:  Hippocampus; Thal:  Thalamus; Hypo:  
Hypothalamus. 
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intra-cerebral PPS treatment, indicating that the relatively successful PPS 

similar effect was 

 In order to further evaluate the effects of PPS treatment on the 

appearance of histological hallmarks, a second exercise was undertaken.  In 

each region of the brain, levels of each histological characteristic were plotted in 

individual animals as a function of time.  Mean levels measured previously 

between 19 and 61 dpi were then added to these graphs.  Finally, a trend line 

was added, representing the stage during which the histological characteristic of 

interest increased in the initial histological study.  This trend line was then 

extended to cover the time frame relevant to the present study.  This exercise 

made it possible to compare values attained in hamsters that had been treated 

treatments slowed the appearance of vacuoles in all regions of the brain.  When 

levels of PrPSc were compared in all treatment groups, a 

observed (Figure 38 B).  Briefly, two parallel increases were apparent with 

respect to PrPSc deposition:  the first occurred in the first three treatment groups, 

and a second was observed in the last three (more successful) treatment groups.  

These observed patterns illustrate the two effects that act on the normal rate of 

accumulation of PrPSc:  as time post infection increased, so did PrPSc 

accumulation; and, PPS treatments that were relatively successful (as 

determined by their effects on survival time) slowed the rate of accumulation of 

PrPSc.  In contrast, when gliosis levels were compared between all treatment 

groups in all regions of the brain, no clear patterns relating to survival time or 

PPS treatment were observed (Figure 38 C). 
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with PPS to the expected values if histological characteristics continued to 

increase at their usual rate.   

Sc

 Results in the hippocampus were similar to those observed in the cortex 

(Figure 40).  As before, few individual hamsters attained expected levels of PrP

When PrP  values in the cortex were compared to the expected trend 

line, a number of individual animals conformed to the expected values (Figure 39 

B).  However, there were also a number of animals that produced values that 

were much lower than expected.  As a general rule, animals that had longer 

survival times, and could therefore be categorized as having received more 

successful treatments, were less likely to reach expected values.  When gliosis 

levels were evaluated, no individual animals reached the levels predicted by the 

trend line (Figure 39 C).  In fact, no individual animals produced gliosis levels that 

were significantly greater than the mean value previously measured in pre-

clinical hamsters at 61 dpi.  In contrast, most individual hamsters conformed to 

expected vacuolation values (Figure 39 A).  The exceptions to this rule were the 

two hamsters with the longest survival times, again indicating that when PPS 

treatment was most successful, it slowed the rate of accumulation of the 

histological characteristics of prion disease. 

on, while measured levels of vacuolation were much closer to expected 

values

Sc 

depositi

.  A common observation was that the individual animals with the longest 

survival times fell the furthest below expected values.  In contrast to results in the 

cortex, gliosis levels in the hippocampus largely followed the expected trend line, 
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although some individual animals had values either far above or far below the 

expected. 

The hypothalamus was arguably the region of the brain that followed the 

expected trends most closely (Figure 41).  Most individual hamsters came close 

to expected PrPSc deposition values, although none exceeded the expected 

levels.  In fact, the individual animals in the present study seemed to share the 

same rate of increase in PrPSc levels, but with a delayed onset of this increase, 

i.e. levels increased in parallel with the trend line.  Similarly to the hippocampus, 

gliosis levels in the hypothalamus broadly followed the trend line, although values 

in individual hamsters occasionally fell far from the line.  Vacuolation levels 

measured in the present study followed the expected trend line very closely. 

 When the thalamus, the region most affected histologically both in the 

initial study and the present one, was evaluated, a varied picture was observed 

(Figure 42).  While some individual hamsters reached expected PrPSc levels, 

most did not.  Furthermore, as survival time increased, total PrPSc levels seemed 

to reach a plateau.  With respect to gliosis, results were very similar to those 

observed in the cortex:  no individual hamsters reached the expected values, and 

no values observed in the present study were significantly greater than the mean 

values previously measured in pre-clinical hamsters.  Finally, vacuolation levels 

observed in the thalamus broadly followed the expected trend line, although the 

individual hamsters with the longest survival times fell short of expected values, 

in one case significantly. 
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4.  Discussion 

4.1 Pre-clinical Changes on Magnetic Resonance Images of Scrapie-

infected Hamsters are Unrelated to Histological Changes 

 I have shown above that it is possible to distinguish infected hamsters 

from mock-infected and uninfected controls using MRI during the pre-clinical 

stage of disease, and to follow disease progression longitudinally in individual 

animals.  Further to this, I have shown that the differences observed on pre-

clinical MR images do not correlate with the typical histological hallmarks of prion 

disease, potentially identifying a new marker for damage in the brain.  These 

histological hallmarks were measured using an image analysis system that was 

verified by comparing results that it produced to previously published data.  

Considering changes in T2 relaxation time and apparent diffusion coefficient, it 

appears as though fluid accumulates in the hippocampus early in 263K scrapie 

disease progression in Syrian golden hamsters. 

4.1.1 Scrapie-infected Hamsters can be Identified by Magnetic Resonance 

Image Abnormalities in the Hippocampus 

 By combining data from two consecutive T2 MR image slices, hamsters 

infected intra-cerebrally with 263K scrapie were differentiated from mock-infected 

and uninfected controls by statistically significant hyper-intensities in the 

hippocampus at 33, 47, and 61 dpi, and from uninfected controls only at 19 dpi.  

In a similar manner, infected hamsters were differentiated from all uninfected 

hamsters (combined in a single group) at all four time points.  Differences in 

relative T2 values between mock-infected and uninfected control hamsters were 
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never statistically significant, although in one case, this may have been partly 

due to the use of less sensitive non-parametric statistical tests.  The presence of 

lesions identified on T2 maps was confirmed by their presence on ADC maps.  

Althou

compared, the respective curves were strikingly similar.  

This o

gh statistically significant differences were more scarce in the comparison 

of ADC values, it was possible to distinguish between infected and all uninfected 

hamsters at all four time points in either one MRI slice or the other.  When all 

scrapie-infected hamsters were compared to mock-infected and control 

hamsters, the only significant differences found were between scrapie-infected 

and mock-infected hamsters in Slice 5 at 33 and 47 dpi, and in Slice 6 at 61 dpi.  

Differences in relative ADC values between hamster groups were likely 

minimized by the fluctuation of raw ADC values in the thalamus, which may have 

resulted in overly high relative ADC values in the mock-infected and control 

groups.  Both the fluctuation of raw ADC values and differences in these 

measurements between hamster groups in the thalamus were greater than the 

corresponding raw T2 relaxation times, exacerbating this effect.  When the 

relative T2 and ADC values in the hippocampus of scrapie-infected hamsters in 

MRI slices 5 and 6 were 

bservation lends further support to the relationship between the increases 

in T2 and ADC values; the nature of this relationship will be discussed further 

below. 

The data presented here are significant, because all four of the time points 

studied were in the pre-clinical stage of disease; the documented incubation 

period of 263K scrapie in Syrian golden hamsters following i.c. infection is on the 
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order of 68-71 dpi [215,216].  Although the 263K strain of scrapie is very fast 

acting, it was remarkable to find significant differences as early as those reported 

here.  Abnormalities on MR images have previously been reported in both 

humans [282,284,290–292] and rodents [288,289,293], with variable results; 

preliminary results from this study have also been published [294].  In the case of 

the human studies, all MRI scans were carried out during the symptomatic stage 

of disease.  To my knowledge, only one other rodent study has identified pre-

clinical differences between infected and control animals, at 120 dpi using the 

139A scrapie strain in CD-1 mice [289].  While it is difficult to compare disease 

stages in two different TSE strains in two different hosts, it seems apparent that 

the differences presented in the current study represent an earlier stage of 

disease:  here changes were observed at the one-quarter to one-third mark of 

the incubation period, compared to approximately the two-third mark in the 

previous study.   

4.1.2 Histological Changes in Scrapie-infected Hamsters 

4.1.2.1 Evaluation of ImagePro Software  

 In order to gain a clearer understanding of the reasons behind increased 

elative T2 and apparent diffusion coefficient values in the hippocampus of 

infected hamsters, spongiform change, PrPSc deposition and gliosis were 

evaluated at all four time points at which MR images were collected.  This was 

done using ImagePro image analysis software, once it was determined that the 

system could accurately measure histological characteristics.  To make this 

determination, spongiform change in brain tissue removed from C57/Bl mice 
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infected with ME7 scrapie at the clinical stage of disease was measured using 

ImagePro, and the resulting lesion profile was compared to known values 

previously reported in the literature.  More specifically, the ImagePro lesion 

profile was compared to a composite profile produced by taking the mean value 

in each region of the profiles reported by Fraser and Dickinson [191] and by 

Bruce et. al. [33].  Generally speaking, the ImagePro profile was satisfactorily 

similar to the composite literature profile in both individual values and shape of 

the profile.  Differences were more prevalent and of a greater magnitude in the 

upper half of the scale.  This is likely due at least in part to the differences that 

exist between the two scales used in the respective profiles.  Taking a total 

vacuole area/image score for each mouse, which was used in turn to produce a 

mean score for each region, produced the ImagePro profile.  Since these scores 

ranged to a maximum of 23000 pixels, they could easily be converted to a 0-5 

scale by dividing each score by 5000, in order to match the scale used in the 

literature.  This standard 0-5 scale is subjective, with each score corresponding 

to a verbal description.  Fraser and Dickinson [191] define the scores as follows:  

1, a few vacuoles, widely and evenly scattered; 2, a few vacuoles evenly 

scattered; 3, moderate numbers of vacuoles, evenly scattered; 4, many vacuoles 

with some confluence; and 5, dense vacuolation with most of field confluent.  

Since the vacuolation scores produced using this method are dependent upon 

the judgement of the pathologist evaluating the section, it is unlikely that linearity 

is maintained throughout the range of the scale.  Figure 43 demonstrates a 

possible relationship between the total vacuole area/image and the 0-5 scale 
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based on the subjective descriptions above, compared to a purely linear scale.  

This relationship is most likely to remain close to linearity at values close to zero, 

depart from linearity at higher values, as shown in Figure 43.   

while the relationship between total vacuole area/image and (subjective) vacuole 

score is likely to 

 Without being able to determine the precise nature of this relationship, it is 

impossible to determine exactly how closely these two lesion profiles agree.  

However, by carrying out a brief exercise, it is possible to determine that 

differences observed between the ImagePro and literature lesion profiles were 

likely exaggerated.  In comparing the lesion profile of C57Bl mice infected with 

ME7 scrapie produced by ImagePro to the composite lesion profile from the 

literature (Figure 17 A), the region with the most differences in both individual 

values and shape of the curve was the portion spanning areas 5-7 (thalamus, 

hippocampus, and septum).  However, if those values greater than three in the 

ImagePro profile (thalamus=4.19; septum=4.54) are transformed using Figure 

43, they become approximately 3.4 and 3.5, respectively.  The effect of this 

transformation on the ImagePro lesion profile is two-fold:  it decreases the 

magnitude of the differences in individual values in these two brain regions 

compared to the literature profile; and it flattens the area of the profile spanning 

regions 5-7, minimizing the major difference in shape between the two lesion 

profiles.  If the relationship between total vacuole area/image and subjective 

vacuole score begins to depart from linearity earlier than at a score of 3, or if that 

departure is more drastic than illustrated in Figure 43, differences between the 

ImagePro and literature lesion profiles would be further minimized.  In 
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conclusion, these two profiles were in close enough agreement to move forward 

using ImagePro as a method to quantify not only spongiform change, but also 

PrPSc deposition and gliosis in scrapie-infected hamsters.   

4.1.2.2 The Thalamus is the Brain Region Most Affected by Histological 

Change in Scrapie-infected Hamsters 

Since it was determined that ImagePro could be used to quantify the 

histological hallmarks of prion disease, it was used to evaluate spongiform 

change, PrPSc deposition, and gliosis in scrapie-infected hamsters, following 

some refinement (as described in Materials and Methods).  When measurements 

of these histological characteristics were compared to MRI results, no 

correlations were found.  In fact, the only significant differences observed 

between infected and uninfected hamsters in a given brain region were in 

spongiform change at 61 dpi and in PrPSc deposition at 47 and 61 dpi in the 

thalamus; and in gliosis at 19 dpi in the hippocampus and at 61 dpi in both the 

cortex and the thalamus.  Of these statistical differences, the gliosis level at 19 

dpi was the only one observed in the hippocampus, the region most affected 

according to MRI.  However, examining the pattern of onset of gliosis in the 

hippocampus (Figure 19 C), it appears as though gliosis levels are effectively 

constant at a baseline level for the first three time points, before increasing at 61 

dpi.  The statistical difference observed was likely due not to a higher than 

normal measurement in infected animals, but rather to an abnormally low 

measurement in uninfected hamsters; in fact, gliosis levels in uninfected 
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hamsters showed more variability between time points in the hippocampus than 

in infected hamsters (data not shown). 

 There were other instances when large differences between infected and 

uninfec

e ever observed, indicating that it 

ere intermediate with respect to the progression 

of path

ted hamsters were found to be statistically insignificant due to large 

variances within groups, notably with respect to vacuolation at 47 dpi in the 

thalamus.  This is an indication that although the incubation period of a given 

TSE is extremely consistent in a given host, variability remains in the degree of 

histological change, at least during the pre-clinical stage of disease.  It was also 

possible to determine the order in which pathological characteristics appeared 

relative to one another, as well as the order in which each brain region studied 

was affected with respect to histology.  The thalamus was clearly the region that 

first underwent the progression of pathological changes, as it was the only region 

which had significant differences between infected and uninfected hamsters in all 

categories at 61 dpi, and it was the only region in which significant and large non-

significant differences were observed before 61 dpi.  The hypothalamus was the 

only region where no significant differences wer

was the last of the four brains regions studied to undergo pathological changes.  

The cortex and hippocampus w

ological changes due to disease.  Since there were significant differences 

in both PrPSc deposition and gliosis in the cortex, and in PrPSc deposition only in 

the hippocampus, it appears as though histological changes progress slightly 

more rapidly in the cortex than in the hippocampus.  With respect to the order in 

which histological hallmarks appeared in scrapie-infected hamsters, PrPSc 
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deposition preceded both spongiform change and gliosis; from the available data, 

it is difficult to conclude that either of the latter two pathological changes occurred 

before the other.   

When scrapie-infected hamsters were considered in isolation, differences 

in pathological characteristics were frequently observed between the four regions 

of interest.  The only observed differences in gliosis levels involved higher than 

expected values in the hippocampus at 19 dpi.  With respect to PrPSc deposition, 

levels in the thalamus were significantly greater than in most other brain regions 

studied from 33 to 61 dpi.  In general, spongiform change, as reflected by total 

vacuole area and vacuole number, was significantly greater in the cortex and 

hippocampus at the early time points, and in the thalamus and cortex at 47 dpi, 

while there were no significant differences at 61 dpi.  These data indicate that the 

background levels of vacuole scores are higher in the cortex and hippocampus 

than in the hypothalamus and thalamus, and that the thalamus is the first region 

to undergo a sizeable increase in spongiform change.  The lack of significant 

differences at 61 dpi reflects the development of spongiform change in the other 

three regions of interest. 

Since few statistical differences were observed between scrapie-infected 

and uninfected hamsters with respect to the histological hallmarks of prion 

disease, it was valuable to examine trends in measurements of histological 

markers.  The appearance of spongiform change, PrPSc, and gliosis followed a 

common pattern in the hippocampus, cortex, and hypothalamus of 263K scrapie-

infected hamsters:  a baseline level was maintained until 47 dpi, followed by an 
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increase at 61 dpi.  This same pattern held in the thalamus with respect to 

gliosis, whereas the increases in PrPSc levels and spongiform change occurred 

earlier.  A linear increase in spongiform change was apparent through 47 and 61 

dpi, while PrPSc levels increased at each time point, producing a curve that 

approached exponential characteristics.  In broad terms, these results agree with 

previous studies involving the same scrapie and host strains and route of 

inoculation, although some differences exist in the details.  Two studies 

sequentially evaluated spongiform change and gliosis following i.c. infection in 

regions of the brain including those examined here [219,221].  The earliest 

observation of both pathologies occurred between 49 and 57 dpi [221], although 

only minor changes were observed at 52 dpi in the other study [219].  Masters et. 

al. report that from 49-57 dpi onward, the degree of spongiform change in the 

cortex and the hippocampus is greater than in the thalamus and the 

hypothalamus, while gliosis is more prevalent in the thalamus and the cortex 

[221].  These results support the findings reported here regarding gliosis, but the 

highest degree of spongiform change observed here was in the thalamus from 47 

dpi onward.  At both 8-23 dpi and 32-35 dpi, GFAP staining was absent in all 

regions studied, while only very minor spongiform change was reported (scores < 

0.5) in both the hippocampus and the thalamus [221], in agreement with data 

reported here.  Two studies have reported the sequential, pre-clinical distribution 

of PrPSc in the brain following i.c. infection of Syrian golden hamsters with Sc237 

scrapie, which is likely the same strain as 263K scrapie [222,223].  These studies 

evaluated PrPSc in the brains of infected hamsters between 7 and 65 dpi, either 
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by histoblot [222] or by determination of PrPP

Sc
P concentration in different regions 

of the brain [223].  These data indicated that PrP P

Sc
P accumulated earliest and 

most significantly in the thalamus, with significant deposition occurring at 28-35 

dpi [222,223], in agreement with my data.  Similarly, significant deposition in the 

cortex, hypothalamus, and hippocampus was observed only at 65 dpi [222,223]. 

4.1.2.3 Histological Changes Cannot Explain Magnetic Resonance Image 

Abnormalities Observed in Scrapie-infected Hamsters 

Taken together, the histological observations reported here cannot explain 

the hyper-intensities found on T B2 B- and diffusion-weighted MR images, since those 

MR abnormalities precede histological changes, and since the regions most 

affected according to MRI and histology are not the same.  These findings run in 

sharp contrast to previously published data regarding the relationship between 

abnormalities on T B2 B-weighted MR images and histological changes in rodents 

infected with prion disease.  Sadowski et. al. carried out µMRI on mice infected 

with scrapie once clinical symptoms appeared (around 150 dpi), and up to 180 

dpi, when severe neurological deficits were present [289].  They observed hyper-

intensities in the septum, hippocampus, and cortex of infected mice, with 

corresponding increases in PrP P

Sc
P deposition and gliosis, while spongiform 

change was not significant in these areas.  Meanwhile, Chung et. al. carried out 

TB2 B-weighted MR imaging on 263K scrapie-infected hamsters during the clinical 

stage of disease (74 dpi) and compared the results to histological examination 

[288].  They concluded that spongiform change correlated with low signal 

intensity and gliosis correlated with high signal intensity, while PrP P

Sc
P deposition 



did not appear to affect T2 relaxation time.  In certain regions of the brain, where 

significant spongiform change and gliosis were evident, the MR signal appeared 

normal, due to contradictory effects.  When the Chung model is applied, the 

Sadowski et. al. results can be explained satisfactorily, since significant gliosis 

was present in the hyper-intense regions, while vacuolation was not.  However, 

the Chung model does not stand up to the results reported here.  The cortex, 

hippocampus and hypothalamus all share the same pattern of onset of 

histological changes (Figure 21):  vacuolation, PrPSc deposition, and gliosis all 

maintain approximately constant levels until 47 dpi, before increasing at 61 dpi.  

According to the model, no increases in MR image intensity would be expected in 

any of these regions before 61 dpi; even at this final time point, hyper-intensities 

would not necessarily be expected since spongiform change and gliosis both 

increase.  While the MR results reported here agree with this prediction for both 

the cortex and the hypothalamus, the hippocampus is another case entirely:  the 

hyper-intensity observed beginning as early as 19 dpi cannot be explained by the 

histological data, since any changes in histology in this region occur only at 61 

dpi.  The thalamus was the only region of the brain that did not follow the 

common pattern.  In this case, both vacuolation and PrPSc deposition increased 

in advance of gliosis.  Under the model, lower than normal signal intensity would 

be expected at 47 dpi in the thalamus, with a return to normal, or towards 

normality at 61 dpi, depending on the relative strength of the effects of 

vacuolation and gliosis.  While Chung’s model holds in the cortex and the 
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hypothalamus, it fails in both the region most affected histologically (the 

thalamus) and that most affected on MR images (the hippocampus). 

4.1.2.4 Vasogenic Oedema May Explain Magnetic Resonance Image 

Abnor

tissue.  As such, long T2 

icate the accumulation of extracellular fluid, also 

known

malities 

 T2 relaxation time is determined by the relative mobility of water 

molecules.  Bio-fluids are characterized by relatively long T2 relaxation times, 

because of the high velocity of water molecules; dense, viscous fluids usually 

result in short T2 relaxation times due to the reduced velocity of water molecules.  

Long T2 relaxation times in tissues, therefore, are the result of the presence of 

relatively large amounts of bio-fluids.  The observed increase in T2 relaxation 

time in the hippocampus of infected hamsters is thus indicative of fluid build-up 

unrelated to the well-established pathological changes that occur during disease 

pathogenesis.  The correlation of increased ADC values with high T2 relaxation 

times supports this conclusion.  The apparent diffusion coefficient is also a 

measure of the mobility of water molecules:  high ADC values correspond to free 

movement of water, while low values indicate that water movement is restricted, 

for example by cell membranes.  So, T2 relaxation time can be thought of as a 

measure of the amount of fluid in a tissue, while apparent diffusion coefficient 

measures the ability of that fluid to move within the 

relaxation times and high ADC values observed in the hippocampus of infected 

hamsters would seem to ind

 as vasogenic oedema.  However, caution must be exercised in coming to 

this conclusion.  Although high ADC values are associated with vasogenic 
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oedema, and low ADC values with cytotoxic oedema [295], the ability to make 

this distinction is dependent upon the parameters used during data collection.  

Due to the specific collection parameters used in the present study, it is 

impossible to exclude the presence of cytotoxic oedema in regions showing high 

ADC values.  However, vasogenic oedema presents a much more attractive 

explanation due to the chronic nature of the abnormalities on both ADC and T2 

maps.  Cytotoxic oedema is the result of accumulation of fluid inside cells, and is 

charac

down 

terized by cellular swelling.  Following initiation of swelling, individual 

oligodendrocytes [296] and neurons [297] mostly succumb to necrosis within 24 

hours, while astrocytes begin to undergo necrosis after 24 hours [298].  As such, 

if cytotoxic oedema occurred, it would have only a transient effect on ADC 

values, but it would result in swelling followed by necrosis of neurons as well as 

glial cells.  While hypertrophy of glial cells has been documented in this disease 

model [220], a high degree of gliosis only occurs at about 80 dpi [219].  Because 

of this, it is likely that the corresponding hyper-intensities on T2- and diffusion-

weighted MR images are the result of vasogenic oedema in the hippocampus of 

263K scrapie-infected hamsters.  In further support of this, breakdown of the 

blood-brain barrier, which is the cause of vasogenic oedema [295], has been 

reported in experimental prion disease [293,299], in both cases evaluated by 

MRI.  Chung et. al. reported disruption of the blood-brain barrier during clinical 

scrapie in hamsters [293], while Brandner et. al. observed progressive break 

specific to neural grafts over-expressing PrPC in PrP null mice infected with 

scrapie [299].  In the latter paper, mice were imaged at two different time points, 
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either early or late in infection.  Blood-brain-barrier disruption was already evident 

at the first time point studied, about twenty-five days prior to the appearance of 

histological changes in the neural grafts. 

Interestingly, Sadowski et. al. found that hyper-intensities in pre-clinical 

mice were most evident in the hippocampus, accompanied by PrPSc and gliosis 

levels intermediate between clinical mice and controls [289].  While it may be that 

this hyper-intensity is a result of increased gliosis, it may also reflect a transition 

from the situation suggested here.  It would be valuable to determine whether 

increased T2 relaxation time and apparent diffusion coefficient in the 

hippocampus resulting from oedema is a common characteristic early in prion 

disease pathogenesis.  It is possible that late in the disease course, as 

vacuolation and gliosis become more pronounced, their possible effects on T2 

relaxation time add to and potentially overshadow the effects of oedema.  

However, in 263K scrapie infection of Syrian hamsters at least, T2 relaxation time 

and apparent diffusion coefficient are determined by the presence of oedema in 

4.1.2.5

the hippocampus early in disease progression. 

 Dysregulation of Aquaporin-4 Expression and Activity May Play a 

Role in Disease Progression 

Increased expression of the water channels aquaporin-1 and –4 (AQP1 

and AQP4) has been reported in cases of CJD, as well as in BSE-infected 

bovine-PrP transgenic mice [300].  In the case of the transgenic mice, AQP1 and 

AQP4 levels were elevated only at 270 dpi, when vacuoles and PrPSc deposits 

appeared.  Expression of AQP4, the main water channel in the brain, is thought 
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to be regulated through protein kinase C (PKC) and/or mitogen-activated protein 

kinase (MAPK) signalling pathways.  Specifically, AQP4 mRNA and protein 

levels are increased through a p38 MAPK-dependent pathway [301], and 

inhibited in a PKC-dependent manner [302].  In addition, PKC has been shown to 

inhibit the activity of AQP4 by phosphorylating it, causing a decrease in its 

permeability to water [303,304].  Although the function of PrPC has not been fully 

elucidated, it has been implicated in cell signalling, including through both MAPK- 

[141,144] and PKC-dependent pathways [140].  Interestingly, the sequential 

activation of p38 MAPK has been demonstrated from 50 dpi onward in 263K 

scrapie-infected hamsters [305].  It is tempting to speculate that dysregulation of 

p38 MAPK and/or PKC signalling pathways due to a loss/modulation of normal 

PrPC function may be responsible for the increased expression of AQP4 

observed during the clinical stage of prion disease.   

As a water channel, AQP4 is important in maintaining water homeostasis 

in the brain, and may therefore be implicated in cerebral oedema.  AQP4 null 

mice have been evaluated in their response to both vasogenic and cytotoxic 

oedema.  The absence of AQP4 was associated with improved neurological 

outcome and reduced brain swelling in models of cytotoxic oedema including 

water intoxication and ischemic stroke [306], and pneumococcal meningitis [307].  

In contrast, AQP4 null mice faired worse than controls in models of vasogenic 

oedema including staphylococcal brain abscess [308], and intraparenchymal fluid 

infusion, freeze-injury, and brain tumour [309].  These observations indicate that 

AQP4 activity is helpful in combating vasogenic cerebral oedema, but detrimental 
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in cases of cytotoxic oedema.  PrPC expression is upregulated following focal 

cerebral ischemia [310], a model of cytotoxic oedema, and PrPC deletion leads to 

worsened outcome following ischemic brain injury [311,312].  This supports the 

theory that loss of PrPC function late in prion disease pathogenesis results in 

increased AQP4 expression, since increased AQP4 expression would be 

detrimental following ischemic brain injury.  As stated above, the chronic oedema 

reported in this study is thought to be vasogenic in nature.  If this is the case, 

normal AQP4 expression may be sufficient to prevent very severe vasogenic 

oedema during the early stages of disease pathogenesis.  It is conceivable that 

increased expression of AQP4 late in prion disease, either as a result of loss of 

PrPC function or potentially as upregulation in response to vasogenic oedema, 

leads to cytotoxic oedema.  Cytotoxic oedema is a potential explanation for both 

hypertrophy of glial cells and neuronal death (through necrosis).  Cerebral 

oedema itself can cause death as a result of elevated intra-cranial pressure due 

to increased total brain volume leading to brain ischemia or herniation [313].  As 

such, cerebral oedema may not only be an early marker of prion disease, but a 

potential contributor to cause of death as well.   

In Figure 44, potential mechanisms for the effects of PrPC/PrPSc on AQP4 

expression, and the effects of AQP4 dysregulation on disease pathogenesis, 

respectively, are illustrated.  These mechanisms postulate that scrapie infection 

results initially in oxidative stress, which causes progressive damage to the 

blood-brain-barrier, resulting in progressive vasogenic oedema.  Oxidative stress 

in general, and nitric oxide (NO) in particular are inducers of 
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p38 MAPK, which in turn induces expression of both PrP P

C
P and AQP4, as well as 

being involved in further NO production.  Normally functioning PrP P

C
P is involved in 

cell signalling, including the induction of PKA and PKC.  PKA has a role in 

neuroprotection, while PKC inhibits the expression and activity of AQP4.  AQP4 

functions to decrease vasogenic oedema by pumping excess fluid back into the 

blood.  The two important tipping points in this model are the balance between 

PrPP

C
P and PrPP

Sc
P, and the activity of AQP4.  As disease pathogenesis progresses, 

more and more PrPP

C
P molecules are shunted into production of PrP P

Sc
P, with less 

available for induction of PKC.  PrPP

Sc
P induces p38 MAPK, resulting in further 

induction of AQP4.  In combination with reduced inhibition by PKC, this results in 

progressive increase of AQP4 activity.  As pathogenesis progresses, two 

opposing forces would be at work in this model:  progressive blood-brain-barrier 

disruption would lead to increased fluid accumulation, while progressively 

increasing AQP4 activity would work to prevent this.  At some stage, there may 

be a tipping point when essentially all PrPP

C
P being produced would be converted 

to PrPP

Sc
P, resulting in greatly increased AQP4 expression due to the absence of 

PKC-dependent inhibition, as well as increased p38 MAPK-dependent induction.  

Despite the high AQP4 activity, fluid accumulation due to blood-brain-barrier 

breakdown would overcome the ability of AQP4 to inhibit it.  In this environment, 

AQP4 expressed on glial cells and oligodendrocytes would begin to pump the 

excess fluid into the intracellular space, initiating not only cytotoxic oedema, but 

potentially the clinical stage of disease as well.  At this stage, a three-pronged 

assault would be in place, potentially explaining death of the individual:  neuronal 



and glial cell death due to cytotoxic oedema; the absence or reduction of PKA-

dependent neuroprotection; and increased intra-cerebral pressure and total brain 

volume.   

For the first time, progressive increases in both T2 relaxation time and 

apparent diffusion coefficient have been observed in the hippocampus of scrapie-

infected hamsters beginning very early in disease progression.  These MR image 

abnormalities are indicative of accumulation of fluid in the hippocampus, 

occurring earlier than any prion disease-associated histological changes.  I 

speculate that alterations in AQP4 expression previously reported during clinical 

disease [300] may result in initiation of cytotoxic oedema, leading to glial cell 

swelling and neuronal death.  To further explore the potential of the theories 

presented here, a number of issues must be clarified, including:  the effects of 

PrP deletion on AQP4 expression in models of oedema; precise details of the 

regulation of AQP4 expression, and the potential role of PrPC in those pathways; 

the presence or absence of oedema during the clinical stage of prion disease, 

and the type of oedema involved; the presence or absence of oedema early in 

the progression of other models of prion disease; the reason for the specific 

involvement of the hippocampus; and confirmation of blood-brain barrier 

leakiness early in disease progression, and its cause. 

4.2 Evaluation of Pentosan Polysulphate as a Potential Treatment for 

Scrapie-infected Hamsters 

After establishing a system by which prion disease progression could be 

followed in live animals, this system was used to test a potential drug treatment 
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for prion disease, pentosan polysulphate (PPS).  Scrapie-infected and mock-

infected hamsters were given one of five different treatment regimens that varied 

by route and timing of administration, or were not treated.  Magnetic resonance 

imagin

4000 to 6000 Da 

ation, complicating its potential as a treatment for 

prion 

g was carried out at two-week intervals until scrapie-infected hamsters 

showed severe signs of disease, or until 150 dpi in the case of mock-infected 

hamsters.  Following sacrifice of the hamsters, they were examined for the 

histological hallmarks of prion disease. 

Pentosan polysulphate is a semi-synthetic compound derived from beech 

wood that has anti-inflammatory and anti-coagulative properties [314].  It is a 

polymer of xylose, with two sulphate groups on each xylose molecule [314].  

Because it is a hydrophilic molecule with a molecular weight of 

[314], there is likely little, if any, penetration of the blood-brain-barrier (BBB) 

following peripheral administr

diseases.  On the other hand, PPS has been FDA approved under the 

name Elmiron as a treatment for interstitial cystitis.  Pharmacokinetic information 

on PPS deals almost exclusively with intravenous or oral administration.  Under 

these conditions, low doses are cleared to the reticuloendothelial system 

[314,315], where excretion and breakdown of PPS is slow [314].  When high 

doses are given, the reticuloendothelial system is saturated, and the excess is 

secreted in the urine [315].  PPS is non-specifically desulfonated in a number of 

tissues and organs [316], and undergoes depolymerization in the kidneys [315].   

PPS is one of a number of compounds that has been shown to slow the 

replication of PrPSc in cell culture [317,318] and in live animals [319].  It has also 

 181



shown promise in prolonging survival time [319–323] in rodents (including 

following i.c. infection [319,323]); and in human vCJD patients [275,276], 

although unsuccessful treatment in humans has also been reported [277].  PPS 

has even prevented disease completely under certain conditions following intra-

peritoneal infection in some rodent models of scrapie [320,323].  Two potential 

mechanisms have been suggested for the anti-prion activity of PPS:  it may 

prevent replication by removing PrPC from the cell surface, and redistributing it 

into late endosomes or lysosomes [324], thus altering cellular trafficking of PrPC 

that is necessary for conversion of PrPC to PrPSc [325–328]; or it may 

competitively inhibit binding of PrPSc to a specific glycosaminoglycan that may be 

required for stabilization of PrPSc [317,329].  Because of its (relative) success in 

treating rodents infected intra-cerebrally with scrapie; its apparent status as the 

treatment of choice of humans afflicted with prion diseases; its FDA approval, 

albeit for a very different disease; and its ready availability, PPS was chosen to 

treat scrapie-infected hamsters.   

4.2.1 Pentosan Polysulphate Treatment Regimens 

According to the literature, two points may be made regarding the 

effectiveness of PPS treatment in prolonging survival time of rodents infected 

with prion disease:  it is most effective when it is administered close to the time of 

infection (either before or after); and intra-cerebral treatment is more effective 

than intra-peritoneal treatment, especially following intra-cerebral infection.  In 

fact, the most effective treatment appears to be a continuous, low dose of PPS 

administered through an intra-ventricular pump [319]; this is the method by which 
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human vCJD patients have been treated [275–277].  In choosing the treatment 

regimens for this study, there were three considerations:  route of treatment 

administration; timing of treatment; and dose of treatment.  With these 

considerations in mind, the objectives of the study were the following:  to 

compare the effectiveness of intra-cerebral and intra-peritoneal PPS treatment 

following intra-cerebral scrapie-infection; and to compare the effectiveness of 

treatments administered at different time points.  The first of these objectives was 

important to address because intra-cerebral treatment is highly invasive, so it 

would be desirable if prion disease could be successfully treated by a less 

invasive method.  Treatments have previously been administered to prion-

infected rodents at different time points; however, these time points have typically 

been chosen arbitrarily.  Based on the initial MRI results presented here, it was 

possible to distinguish scrapie-infected from uninfected hamsters either at 19 or 

33 dpi.  This identified a possible treatment point that would have actual 

significance.  By comparing the effectiveness of treatment at the time of infection 

to treatment initiated when scrapie-infected hamsters could be identified by MRI 

(26 dpi), it would be possible to determine whether treatments initiated following 

diagnosis could be effective, reflecting the ideal eventual clinical situation.  

Finally, since the most effective available treatment for prion disease appears to 

be a continuous low dose, it was attractive to determine whether multiple i.p. 

treatments would be more effective than a single treatment.   

In deciding on the dose to use for both i.p. and i.c. PPS treatment, it was 

necessary to balance the desire to use the most effective dose (as high as 
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possible) with the desire to minimize potential side effects.  In order to do this, 

the information available in the literature was used as a starting point.  One study 

in particular was of use in determining the proper i.p. dose.  Ladogana et. al. 

found that a dose of 100 mg/kg of PPS administered intra-peritoneally around the 

time of infection increased the incubation period of 263K scrapie in Syrian golden 

hamsters by 14 days following i.c. infection [323].  While it was relatively simple 

to determine a suitable dose for i.p. treatment, determining the intra-cerebral 

dose was another matter.  Most studies concerned with the effectiveness of PPS 

treatment, and drug treatments in general, have been most interested in treating 

peripherally acquired prion disease, with treatments being administered intra-

peritoneally while the infectious agent is still restricted to the peripheral nervous 

system.  While administering treatments at this stage of disease pathogenesis 

results in a more successful outcome, the strategy remains somewhat puzzling 

for two reasons:  as long as there is no way to diagnose disease at this stage, 

these results cannot be transferred from an experimental to a clinical setting; and 

it ignores altogether the forms of prion disease that are not acquired peripherally, 

cludiin ng familial and sporadic forms which are the most common causes of prion 

disease in humans.  Be that as it may, a side effect of this chosen strategy is that 

there is little data regarding safe and effective intra-cerebral treatments. 

The best available example of intra-cerebral PPS treatment following intra-

cerebral scrapie infection in rodents is the system established by Doh-Ura et. al., 

using an intra-ventricular pump to administer a continuous low dose of PPS to 

transgenic mice expressing hamster PrP that had been infected with 263K 
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scrapie [319].  The maximum dose used in this study, with no adverse effects, 

was 460 µg/kg/day.  However, doses of 345 and 460 µg/kg/day caused adverse 

effects in dogs, including partial or generalized seizures leading to death.  Some 

of these dogs had large haematomas at the site of the intra-ventricular cannula.  

It has also been reported that intra-cerebral inoculation of PPS in mice does not 

result in serious side effects, although no specific doses are mentioned [314].  

The authors go on to report on a personal communication, which indicated that 

i.c. injection of approximately 4 g/kg PPS resulted in a fatal intra-cerebral 

haemorrhage in all mice tested [314].  This left a very large gap in data with 

respect to different doses of PPS.  Since it was impossible to use a low 

continuous dose in the study presented here, it was desirable to use as high a 

dose as possible in order to give the greatest chance of effectiveness before the 

drug was cleared.  The initial dose chosen for i.c. injection was 20 mg/kg, but all 

hamsters receiving this dose exhibited adverse effects, including seizures 

interspersed with periods of inactivity.  Five of the six hamsters were euthanized 

and haematomas at the site of injection were observed in all hamsters.  This 

dose was much greater than that used in the Doh-Ura study, but was much lower 

than the 4 g/kg dose that was reported to be fatal in mice [314].   

These results were reminiscent of those reported in dogs receiving a low 

continuous dose [319] and in mice receiving a much larger dose [314].  In order 

to correct this problem, a screening experiment was set up to determine a dose 

of i.c. PPS that would be tolerable for hamsters.  Results and discussion of this 

experiment can be found in Appendix 1.  Briefly, under a number of impossible-



 186

to-verify assumptions, it was estimated that in both hamsters and dogs all PPS 

levels below 140 µg, to a maximum tested level of 120 µg were well tolerated, 

while all levels above 140 µg resulted in severe adverse effects in all animals 

tested.  While equilibrium levels of PPS are unavailable, and the rate of clearing 

of PPS in the brain is unknown, it may be stated that the tolerable amount of PPS 

that can be injected intra-cerebrally in hamsters is no more than about 120 µg.  

The exercise in Appendix 1, estimating the PPS levels in the brain of dogs in the 

Doh-Ura study [319], at the very least is indicative that this level is a useful 

starting point in other species as well.   

4.2.2 Effects of Pentosan Polysulphate on Disease Progression of Scrapie 

in Hamsters 

4.2.2.1 Effects of Pentosan Polysulphate on Clinical Scrapie 

In this study, the effects of PPS were examined with respect to four 

aspects of disease progression:  progression of symptoms from their initial 

appearance until disease end point; survival time post infection; magnetic 

resonance images; and histological changes.  The first of these presented no 

differences between scrapie-infected hamsters that received different PPS 

treatments and those that were not treated.  In all cases, the duration of 

symptoms, from their first appearance until the time at which hamsters were 

euthanized, was on the order of ten to fourteen days.  The first indication of 

disease was invariably slight bobbing of the head, which became progressively 

worse until near the end stage of disease it actually prevented the hamsters from 

feeding and drinking.  The second obvious symptom of disease exhibited by 



most hamsters was a tendency towards periods of hyperactivity of varying 

duration.  These were sometimes interspersed cyclically with periods of no 

activity at later stages.  Progressive ataxia of one or more limbs was another 

symptom.  As it progressed, it resulted in problems with mobility, which varied 

according to the limbs that were affected.  Less frequently, hamsters would 

spontaneously roll onto their back, typically during periods of hyperactivity.  In the 

final stages of disease, hamsters would lose interest in food, or else would be 

unable to successfully feed themselves.  As a result of failing to eat, sometimes 

in combination with continued hyperactivity, hamsters often lost significant body 

weight in the last few days before they were euthanized.  Some hamsters did not 

remain hyperactive through the final stages of disease, rather becoming 

extremely lethargic, likely due to vastly decreased mobility due to severe ataxia.   

ion as 

measured from the first appearance of symptoms to the time at which hamsters 

were euthanized.  This was not unexpected, since each treatment regimen was 

completed at least two weeks before the appearance of symptoms (most were 

completed more than forty days before symptoms appeared).  PPS is thought to 

inhibit new formation of PrPSc from PrPC either by competitively binding PrP 

[317,329], or by removing PrPC from the normal sites of conversion [324].  Since 

PPS must be present to perform this action, its inhibitive effects are lost once it is 

cleared from its site of action (in this case the brain).  In effect, PPS delays 

disease progression while it is present, but once it is cleared, disease progresses 

While there were variations in many of the symptoms resulting from 

scrapie infection, PPS treatment did not obviously alter disease progress
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as it normally would.  In this study, since all PPS was expected to be cleared by 

the time symptoms appeared, it follows that disease would progress in the same 

manner in all hamster groups at this stage.   

The symptoms described here are typical of prion disease in rodents.  The 

central events in rodent disease progression are the loss of full control of 

movements, which was manifested in the progressive head bobbing, and ataxia.  

Ataxia of one or more limbs is the root of most of the observed abnormal 

movements in the latter stages of disease, with the individual manifestations 

dependent on which limb or limb combinations are ataxic.  The periods of 

hyperactivity observed in most hamsters may have been due to nervousness at 

their loss of body control, although this could not be confirmed. 

4.2.2.2 Effects of Pentosan Polysulphate Treatment on Survival Time of 

Scrapie-infected Hamsters 

Although treatment with pentosan polysulphate did not alter scrapie 

disease progression during the symptomatic stage of disease, some of the 

treatment regimens tested did alter survival time following intra-cerebral scrapie 

infection.  Hamsters received either no treatment, or one of the following five 

pentosan polysulphate (PPS) drug regimens:  intra-cerebral (i.c.) injection at the 

time of infection or at twenty-six days post infection (dpi); intra-peritoneal (i.p.) 

injection at the time of infection or at twenty-six dpi; or multiple i.p. injections at 

twenty-six, forty, and fifty-four dpi.  Statistically significant differences in survival 

time were observed between hamsters receiving intra-cerebral PPS at the time of 

infection and all other hamster groups.  Some other general observations 
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regarding the efficacy of the different treatments in prolonging survival time could 

also be made:  i.p. treatments initiated at 26 dpi, either as a single treatment or 

as multiple treatments, were entirely ineffective although multiple treatments 

resulte

hamsters.  In fact, this increase in 

mean 

d in marginally longer survival times; i.p. treatment at the time of infection 

was about as effective in prolonging survival time as i.c. treatment at 26 dpi; and 

i.c. treatment resulted in much greater variability in survival time than i.p. 

treatment.  Most of these observations were not unexpected based on the 

literature.  Studies have shown that intra-peritoneal treatment with PPS is 

unsuccessful unless it is administered early in infection [330], and the proposed 

mechanisms of action of PPS require that it co-localize with the site of replication 

of the infectious agent [317,324,329].  Taken together, these observations 

provide an explanation for the observations regarding i.p. PPS treatment initiated 

at 26 dpi.   

Although it has not been explicitly shown that PPS cannot cross the blood 

brain barrier, it is believed that very little, if any, peripherally administered PPS 

can reach the brain because of its nature as a large hydrophilic molecule [314].  

Despite this condition, PPS administered intra-peritoneally at a dose of 100 

mg/kg has previously been shown to increase the incubation time of 263K 

scrapie in Syrian hamsters by 14 days following i.c. infection [323].  This result is 

supported by those reported here, as an increase in mean survival time of 11 

days was observed compared to untreated 

survival time was almost exactly the same as that produced by i.c. PPS 

treatment at 26 dpi.  Since i.c. treatment delivers the PPS to the site of the 
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infectious agent, it would be expected to be more effective than i.p. treatment, 

given the difficulty that PPS has in crossing the blood brain barrier.  On the other 

hand, treatment initiated at the earliest possible time point has been 

demonstrated to be more effective than treatment initiated at a later time point.  

These results indicate that the timing of treatment is of the utmost importance:  

even if PPS can be delivered directly to the site occupied by the infectious agent, 

if it is not administered in a timely manner, it will not be very effective.  Explaining 

the effectiveness of i.p. PPS treatment following intra-cerebral scrapie infection in 

hamsters is not entirely straightforward.  Murine models of prion disease have 

been shown to involve the periphery, in particular the lymphatic system 

[331,3

s administered as early as possible.  On the other hand, the final 

observation, that intra-cerebral treatments resulted in much more variable effects 

32], providing a potential explanation for the effect of intra-peritoneally 

administered PPS.  However, in this particular model, splenectomy has been 

shown to have no effect on incubation period of intra-cerebrally infected, or intra-

peritoneally infected hamsters [215,333].  While this observation sheds doubt on 

the involvement of the periphery in 263K scrapie disease progression following 

i.c. infection of Syrian golden hamsters, it does not eliminate it completely.  An 

alternative explanation for the effectiveness of i.p. PPS treatment is that PPS is 

able to enter the brain at the site of injection of the infectious agent.   

The fact that i.c. treatment at the time of infection was significantly more 

effective than any other treatment was not at all surprising, because it met the 

two requirements for successful treatment:  it delivered PPS to the site of action; 

and it wa
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on survival time than intra-peritoneal treatments, was somewhat surprising.  It 

had previously been observed that intra-peritoneal PPS treatment 24 hours after 

i.p. infection resulted in variable effects in 263K scrapie-infected hamsters, with 

some hamsters exhibiting very long incubation periods while others showed 

minimal effects [323].  In the same study, the effect of i.p. PPS treatment was 

much more consistent if treatment occurred within two hours of infection.  This 

discrepancy was explained by the suggestion that the infectious agent is taken 

up by peripheral nerve endings within 24 hours of i.p. infection, at which point i.p. 

PPS is rendered ineffective [323].  The observations reported here with respect 

to i.p. PPS treatment do not have relevance to this potential mechanism, since 

treatment does not occur at the site of infection.  It is possible that a similar effect 

could occur in the case of i.c. treatment:  PPS may be more effective if it binds 

PrPSc before it associates with individual cells, and its ability to do this may 

indeed be variable between individual animals.  It is possible that this variability is 

dependent merely on happenstance with respect to co-localization of PPS and 

PrP.   

 Although there appeared to be a clear order of effectiveness of the 

different PPS treatment regimens tested, a number of large differences in 

survival time between treatment groups were not found to be statistically 

significant.  This was due largely to the small number of animals in each group 

(three).  When the power of the comparison was tested under these conditions, it 

measured only 0.6149, providing a potential reason why apparent differences 

between treatment groups were not found to be significant.  However, when the 
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standard error of the incubation period from the literature [215] was used in the 

power calculation, the resulting power was 1.0, indicating that the experimental 

design was not unreasonable given the available information. 

 Since the intra-cerebral treatment groups were grouped together for the 

purpose of MRI comparison, and because of the increased variability in survival 

time within these groups, all of the infected hamsters were divided into two 

groups:  those that received intra-cerebral PPS injection, and those that did not.  

This exercise had the side effect of producing a more powerful comparison 

(power=0.761).  Unsurprisingly, when these two new groups were compared, 

hamsters that received intra-cerebral PPS treatment had significantly longer 

survival times than those that did not.   

4.2.2.3 Pentosan Polysulphate Causes Magnetic Resonance Image 

Abnormalities Similar to Those Resulting From Scrapie Infection 

 The most unexpected results observed in the study of the effects of PPS 

on scrapie infection in hamsters were observed on magnetic resonance images.  

In the initial MRI study presented here, progressive increases in both T  

relaxation time and apparent diffusion coefficient were observed in the 

hippocampus of scrapie-infected hamsters beginning very early in disease 

progression.  In the PPS study, T maps only were evaluated, with a significant 

change in the manner in which measurements were corrected for differences in 

experimental conditions during data collection.  Rather than expressing T  

relaxation time in the hippocampus as a percentage of T  relaxation time in the 

thalamus, values were expressed as a percentage of T2 relaxation time in a tube 

2

2 

2

2
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of copper sulphate.  This was an improvement in the system, because copper 

sulphate shortens the T2 value of water, allowing for the observation of complete 

T2 relaxation, resulting in a consistent high intensity signal.  Since the copper 

sulphate solution was kept in a sealed tube, evaporation, which could result in 

changes in molarity, was not an issue.  This reference sample facilitates the 

comparison of images obtained in different scanning sessions, since any 

observed differences in measurements of the reference sample can be attributed 

to differences in experimental conditions, and measurements of interest can be 

normalized using the reference.  Upon analysis of the very first images collected, 

it was clear that PPS treatment had greatly complicated the MRI portion of the 

experiment.  As seen in Figures 24, 32, and 35, intra-cerebral PPS treatment 

resulted in changes on T  maps that were similar to those produced by scrapie 

infection.  Because i.c. PPS treatment not only affected T  relaxation time, but 

was also the most important influence on it, the evaluation was impossible to 

decipher as the experiment was originally designed.  In order to attempt to 

simplify the situation by clearly identifying the two major influences on MR 

images, the number of hamster group/treatment combinations was reduced from 

twelve to four by combining groups as previously described, and as seen in 

Table 2.   

In the initial MRI study, significant differences in relative T  values in the 

hippocampus in two consecutive MRI slices were observed between scrapie-

infected and mock-infected and/or control hamsters as early as 19 dpi until 61 

dpi.  It was determined that these image abnormalities did not correlate with the 

2

2

2
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progression of histological changes, and that they likely resulted from the 

accumulation of bio-fluid (water) in the hippocampus (oedema).  Because of 

these earlier results, the hippocampus was used as a starting point in 

determining whether or not regrouping the hamsters would allow a meaningful 

comparison.  In each of the three slices of interest (5-7), the temporal pattern of 

relative T2 values in the hippocampus of each hamster was compared to the 

mean value of the initial treatment group to which it belonged.  The mean curves 

of each of these twelve group/treatment combinations were then compared to the 

mean curve of the new group to which it belonged.  The conclusion drawn on the 

basis of this exercise was that each of the four newly formed groups gave a 

meaningful if not always ideal representation of all of the hamsters making up 

that group.   

4.2.2.4 Scrapie-induced, and Intra-cerebral PPS-induced Changes on 

Magnetic Resonance Images are not Restricted to the Hippocampus 

After establishing the validity of regrouping the hamsters into only four 

groups, these groups were compared with respect to relative T2 values in the 

regions of interest in Slices 5-7.  Initial examination of the patterns of relative T2 

values in the regions of interest allowed for a number of observations.  

Considering data from Slices 5 and 6, two statements may be made:  in each 

hamster group, the relative T2 value curves of the cortex, the thalamus, and the 

hypothalamus all closely followed that of the hippocampus; and the relative T2 

values in the hippocampus and the hypothalamus were consistently higher than 

those in the cortex and the thalamus in a given hamster group.  Similarly, in Slice 
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7 the relative T2 value curves of the cortex, and the septum closely followed that 

of the lateral ventricles and their surrounding region, and the relative T2 values in 

the lateral ventricles were consistently higher than those in the cortex and the 

septum in a given hamster group.  These data surprisingly indicate that scrapie-

induced (and intra-cerebral PPS-induced) changes on T2 maps are not restricted 

to the hippocampus as previously thought, but occurred in a number of other 

brain regions as well.   

However, relative T2 values in different brain regions were closest in the 

Mock-Infected No I.c. PPS group.  In comparison, the groups that were 

influenced by scrapie-infection and/or intra-cerebral PPS treatment exhibited a 

larger difference in relative T2 values between brain regions.  This was 

particularly apparent in Slice 7, where measurements in the lateral ventricles and 

surrounding area were much greater than in the cortex and septum in these 

groups.  Interestingly, in one case of vCJD treatment by continuous intra-

ventricular PPS infusion, progressive enlargement of the lateral ventricles, as 

observed on repeated CT scans, was described [275].  The Slice 7 results 

presented here could also reflect enlargement of the lateral ventricles, which 

would result in greater representation of the lateral ventricles, as opposed to the 

surrounding areas, in these ROIs.   
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4.2.2.5 Effects of Different PPS Treatment Regimens on Magnetic 

Resonance Images of Scrapie- and Mock-infected Hamsters 

in each hamster group 

were compared to all other group/region combinations.  These data have been 

extensively described in the Results section, and only general trends will be 

summarized here.  Considering first the comparison of different hamster groups, 

lative T2 values on its own; 

that intra-cerebral PPS altered relative T  values on its own; and that the 

respective effects of i.c. PPS and scrapie-infection were somehow antagonistic 

with re

When data from all hamster groups were pooled to compare the different 

regions of interest in Slices 5 and 6, relative T  values in the hippocampus and/or 

In each of Slices 5-7, the following comparisons were carried out at each 

time point:  data from all regions of interest were pooled to compare different 

hamster groups; data from all hamster groups were pooled to compare different 

regions of interest; and data from each region of interest 

as a general rule in all three slices of interest, the Mock-Infected I.c. PPS group 

had the highest relative T2 values.  For most of the time course, the Mock-

Infected No I.c. PPS group had the lowest relative T2 values, with the two 

scrapie-infected groups maintaining intermediate values.  Restricting the 

discussion to the most common situation that held the most significance, 

significant differences were often observed between all pairs of groups other than 

the two scrapie-infected groups during the period from 47 to 75 dpi.  This can be 

taken as an indication that scrapie-infection altered re

2

spect to increasing relative T2 values. 

2
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in the hypothalamus were frequently significantly greater than those in the cortex 

and/or in the thalamus, especially during the period between 47 and 89 dpi.  In 

Slice 6, these observations extended both earlier and later than this time period.  

Similarly, in Slice 7, the lateral ventricles and surrounding regions had 

significantly greater relative T2 values than both the cortex and the septum at 

nearly every time point studied.  These data indicate a pre-disposition of the 

hippocampus, hypothalamus, and lateral ventricles and surrounding regions 

towards high relative T2 values.  However, the increased frequency of statistically 

significant differences between 47 and 89 dpi indicate that these regions are in 

fact more susceptible to scrapie- and i.c. PPS- induced changes.   

When data from each region of interest in each hamster group were 

compared to all other group/region combinations, an extremely complex picture 

emerged in all three slices of interest.  Some general statements may be made, 

however.  Significant differences between brain regions in a given hamster group 

were rare; when they did occur, they generally involved differences between the 

cortex and either the hippocampus, the hypothalamus, or the lateral ventricles 

and surrounding regions.  The most frequent instances of statistical significance 

occurred between Mock-Infected I.c. PPS hamsters and hamsters that did not 

receive intra-cerebral PPS, although differences between Scrapie-Infected No 

I.c. PPS and Mock-Infected No I.c. PPS hamsters were also observed.  Based on 

these results, group effects can be considered to be dominant over region 

effects.   
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4.2.2.6 Effects of Pentosan Polysulphate Treatment on Histological 

Changes in Scrapie-infected Hamsters 

Although it was determined in the first MRI experiment that abnormalities 

on MR images caused by scrapie infection could not be explained by histological 

changes, it was important to determine whether PPS treatment could influence 

the progression of histological changes in scrapie-infected hamsters, and 

 after 

they were euthanized.  The hippocampus, the cortex at the level of the thalamus, 

the thalamus, and the hypothalamus were evaluated in the four hamster groups 

used in the comparison of MRI results.  When data from all regions were pooled 

and hamster groups were compared, the two scrapie-infected groups had 

significantly greater measurements than mock-infected groups with respect to all 

three histological hallmarks.  Since this confirmed that mock-infection of 

hamsters did not result in the appearance of any histological changes typical of 

prion disease, mock-infected hamsters were excluded from further evaluation.     

 

whether it caused any changes in mock-infected hamsters.  In order to 

accomplish this, hamsters were evaluated for these histological hallmarks

 The two remaining hamster groups, namely Scrapie-Infected I.c. PPS and 

Scrapie-Infected No I.c. PPS, were compared with respect to hamster group, 

brain region, and Group x Region comparisons.  When data from all regions of 

interest were pooled, no significant differences were found between Scrapie-

Infected I.c. PPS and Scrapie-Infected No I.c. PPS hamsters with respect to any 

of the histological hallmarks of prion disease, although differences in PrPSc 

deposition approached statistical significance, with levels in hamsters that

 198



received I.c. PPS greater than in those that did not.  Given the difference in 

survival time between these two groups, significant differences in histological 

hallmarks would be expected if PPS did not affect their appearance.  The fact 

that these were not observed supports the idea that histological change is slowed 

by I.c. PPS treatment. 

Sc

Sc

Sc

When different regions of the brain were compared, levels of PrP  

deposition in the thalamus were significantly greater than in all other regions, 

while levels in the hippocampus were significantly lower than in all other regions.  

Total vacuole area in the thalamus was significantly greater than in the 

hippocampus and the hypothalamus, and approached statistical significance 

compared to the cortex.  No significant differences were observed in gliosis 

levels between any regions of the brain.  These results were very similar to those 

reported at 61 dpi in the previous study:  differences in gliosis levels between 

brain regions remained non-existent; and the thalamus continued to be the most 

affected region with respect to both PrP  deposition and vacuolation.  Instances 

of significant differences in PrP  levels increased, showing a natural progression 

from the previous results, as levels in these regions of interest retained their 

previous relative order.  The biggest difference between these results and the 

results reported at 61 dpi relate to vacuolation.  Even in this case, the regions of 

interest retained their previous relative order.  However, spongiform change in 

the thalamus developed to a sufficient degree to allow for the observation of 

significant differences with respect to two of the other regions of interest. 
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 The earlier histological data reported here has already been discussed in 

relation to two studies that sequentially evaluated spongiform change and gliosis 

following i.c. infection in regions of the brain including those examined here 

[219,221].  Masters et. al. report that from 49-57 dpi onward, the degree of 

spongiform change in the cortex and the hippocampus is greater than in the 

thalamus and the hypothalamus, while gliosis is more prevalent in the thalamus 

and the cortex [221].  These gliosis results were supported not only by the earlier 

findings reported here, but by the results of this latest study as well.  In contrast, 

the latest results regarding spongiform change observed here continue to 

contrast sharply with those reported earlier with respect to the thalamus and the 

hippocampus in particular [221].   

When hamster groups and all regions of interest were evaluated together, 

no significant differences were observed between any Group x Region 

combinations with respect to gliosis levels.  Total vacuole levels in the 

hypothalamus of Scrapie-Infected No I.c. PPS hamsters were significantly lower 

than those in the thalamus and hypothalamus in Scrapie-Infected I.c. PPS 

hamsters and the thalamus of Scrapie-Infected No I.c. PPS hamsters.  When 

PrPSc deposition was compared in Group x Region combinations, a large number 

of instances of statistical significance were observed, with the thalami in both 

hamster groups exhibiting the most significant differences.  Without elaborating 

on these differences in detail, it is worth making three observations regarding this 

evaluation:  measurements from the same brain region were invariably close 

between the two hamster groups, clearly indicating the importance of brain 
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region in the comparison; with respect to a given brain region, measurements in 

Scrapie-Infected I.c. PPS hamsters were invariably greater than those in Scrapie-

Infected No I.c. PPS hamsters; and differences between hamster groups in a 

given brain region were never statistically significant.  These data do much to 

support the conclusions drawn from the simple between groups and between 

regions comparisons:  in general, histology in scrapie-infected hamsters did not 

differ according to the PPS treatment received; and brain region was the most 

important determinant of measurements of histological changes, with the 

thalamus again proving to be the region most affected histologically. 

There were three effects that could have influenced the values of the 

histological hallmarks of prion disease measured at the end point of disease 

progression in hamsters:  the normal rate at which these histological 

characteristics appear; the potential effects of PPS to slow this rate; and the 

difference in survival time between hamsters receiving different treatments.  The 

expectation was that each of the histological characteristics would increase with 

time, and that PPS would act to slow the accumulation of PrPSc and vacuolation, 

if not gliosis.  In order to evaluate the effects of PPS treatment on the 

appearance of histological hallmarks, each of the original six treatment groups 

were compared with respect to these hallmarks in each of the four regions of 

interest.  Vacuolation levels in a given brain region increased loosely with 

incubation period in the four groups that did not receive intra-cerebral PPS 

treatment, but not in the two treatment groups that received intra-cerebral PPS 

treatment, indicating that the relatively successful PPS treatments slowed the 
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appearance of vacuoles in all regions of the brain.  Results were similar with 

respect to PrPSc levels, with parallel increases over the three least successful 

treatments, and in the three more successful treatment groups.  In contrast, 

when gliosis levels were compared between all treatment groups in all regions of 

the brain, no clear patterns relating to survival time or PPS treatment were 

observed. 

 In order to further evaluate the effects of PPS treatment on the 

appearance of histological hallmarks, levels in individual animals were compared 

to expected levels generated by extending a trend line representing the stage 

during which the histological characteristic of interest increased in the initial 

histological study.  This made it possible to compare values measured in 

hamsters that had been treated with PPS to the expected values if histological 

characteristics continued to increase at their usual rate.  This exercise revealed 

that:  animals that had longer survival times, and could therefore be categorized 

as having received more successful treatments, were less likely to reach 

expected values; vacuolation levels were the most likely to reach expected 

levels; and the hypothalamus was the region that most closely followed the 

expected values with respect to all three histological characteristics of interest.  It 

is also important to note that the trend lines used in this exercise were composed 

conservatively.  That is, rather than simply extending the curve using a slope that 

was equivalent to the slope between the last two time points, the trend lines used 

typically took three time points into account.  This had the effect of decreasing 

the slope of the trend line, and therefore decreasing expected values at 
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subsequent time points.  The observations, then, that expected values usually 

were not met, and were less likely to be met in hamsters with longer survival 

times lend more weight to the conclusion that PPS treatment slowed the 

progressive development of histological changes typical of prion disease.  These 

conclusions are supported by the observation that slow intra-ventricular PPS 

infusion greatly reduced PrPSc deposition, gliosis, and spongiform change, as 

well as infectivity following intra-cerebral infection [319].   

4.2.3 Implications Raised by Results of the Pentosan Polysulphate 

Treatment Study 

 The results presented here raise four main questions:  how or why does 

intra-cerebral PPS treatment cause hyper-intensity on T2 maps, and can this 

observation be reconciled with the model suggested earlier?  How can the 

apparently antagonistic effects of intra-cerebral PPS treatment and scrapie 

infectio

4.2.3.1 Methodological Differences Between the Two MRI Experiments 

n be reconciled with the model suggested earlier?  Why do scrapie-

infected hamsters receiving no treatment only exhibit increased relative T2 values 

much later than in the initial MRI study?  Why does it now appear as though a 

number of regions are affected (by hyper-intensity)?   

In order to answer the latter two of these questions it is necessary to first 

discuss the differences between the two MRI experiments.  In the first 

experiment, a copper sulphate standard was not used to produce relative T2 

values.  Instead, the thalamus was chosen to fill this Role because it was the 
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region that showed the least variation in raw T2 values between hamster groups 

at all four time points studied.  This critical difference can at least partially explain 

why some brain regions not identified in the initial MRI study were found to be 

hyper-intense on T2 maps when a copper sulphate standard was used.  It may 

also partially explain why hyper-intensities in the hippocampus appeared later in 

scrapie-infected hamsters that were not treated with PPS than they did in the 

initial study.  There are, however, a number of other elements that may have 

affected the results in the PPS study.  First, the infectious agent used in the 

inoculum in the PPS study was made from brains of infected hamsters that were 

euthanized at 62 dpi, before the appearance of clinical symptoms, compared to 

clinically diseased hamster brains that were used in the first MRI study.  It is 

possible that disease may have progressed at a slightly slower pace after 

infection with pre-clinical hamster brain homogenate, since the titre of the 

inoculum may have been reduced, resulting in a slight delay in the appearance of 

MRI abnormalities.  Secondly, the number of hamsters in each of the original 

treatment groups was small (3), due to a premium on the available MRI time.  It 

is possible that due to this small number of hamsters, the results may have been 

a slight misrepresentation of the true population values.  This statement is 

perhaps supported by the data produced when all scrapie-infected hamsters that 

did not receive intra-cerebral PPS treatment were pooled together.  These data 

showed increases in relative T2 values that were initiated between 47 and 61 dpi.  

Since the survival times of hamsters that received these treatments were not 

significantly altered, it can be argued that disease progression was not 
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significantly altered either.  Thus, the true results for this population were 

perhap

4.2.3.2 Osmotic Oedema May Explain the Effects of Intra-cerebral Pentosan 

Polysulphate Treatment on Magnetic Resonance Images of Hamsters 

sult in 

dysreg

cells and eventually leading to cell death.   

s not as different from the earlier results as they initially seemed.  

Furthermore, the differences that were observed may be explained partially by 

the nature of the inoculum, and the method of correcting raw values for 

differences in experimental conditions during data collection, as discussed 

above.   

 In order to answer the first question outlined above, regarding the reason 

why intra-cerebral PPS treatment causes hyper-intensities on T2 maps, it is 

beneficial to first revisit the model suggested earlier for the cause of hyper-

intensities due to scrapie infection.  Since abnormalities on MR images did not 

correlate with histological changes, and because increased T2 relaxation time is 

indicative of increased levels of bio-fluids or water, it was suggested that these 

image abnormalities were the result of vasogenic oedema.  It was further 

suggested that in the pre-clinical disease stages, oedema is counteracted by the 

action of AQP4 which pumps some water back across the blood brain barrier.  In 

the later stages of disease, alteration to the function of PrP would re

ulation of AQP4 production and activity, resulting in increases in AQP4 

activity.  Under this model, a balance would be tipped, resulting in cytotoxic 

oedema due to two factors:  continued fluid accumulation in the brain because of 

blood brain barrier leakiness; and high AQP4 activity, pumping water into the 
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 In order to determine whether this model can be reconciled with the 

observations presented here with respect to the effects of intra-cerebral PPS 

treatment, it is necessary to examine how PPS may produce oedema.  The types 

of oedema discussed earlier are vasogenic oedema, the accumulation of water in 

the extracellular space caused by leakiness of the blood brain barrier, and 

cytotoxic oedema, the accumulation of water inside cells due to cellular injury 

[334].  However, oedema caused by PPS is likely due to the creation of an 

osmotic gradient between the plasma and the brain tissue; this is called osmotic 

oedema [334].  Osmotic oedema is most commonly associated with 

hyponatremia, when serum sodium concentrations are much lower than normal.  

This creates an osmotic gradient across the blood brain barrier, with osmolality in 

the brain higher than in the plasma.  Water then moves into the brain to correct 

this imbalance, resulting in oedema.  Additionally, this results in another osmotic 

gradient, between the extra- and intra-cellular spaces in the brain, causing 

cytotoxic oedema as water flows into cells to correct the gradient.  Cerebral 

oedema caused by hyponatremia, or low serum sodium concentration, may be 

fatal in as many as 17.9% of cases [335–337].  The prognosis, with respect to 

the likelihood of seizures, coma, and death, is much improved if hyponatremia 

develops slowly [338].  This is due to the nature of the cellular response to 

hyponatremia.  As cells initially fill with water in response to hyponatremia, they 

rapidly extrude electrolytes into the extra-cellular space, causing water to exit the 

cells as well [339].  If an osmotic gradient persists, cells extrude organic 

osmolytes, mostly consisting of amino acids, at a much slower rate to cause 
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further flow of water out of the cells [339].  In acute, rapidly developing 

hyponatremia, the delay in the cellular response between the extrusions of 

electrolytes and organic osmolytes prevents the cells from properly combating 

swelling; this results in seizures in as many as 29% of patients, and a mortality 

rate as high as 50% [340].  In comparison, if hyponatremia develops slowly, 

mortality is reduced to about 6%, and the incidence of seizures is reduced to 4% 

[340]. 

 A parallel may be drawn between hyponatremic conditions and the 

potential effects of PPS injection in the brain.  As in hyponatremia, the cerebral 

extra-cellular space following PPS injection is hyper-osmotic compared to the 

plasma.  This can be corrected by an influx of water into the brain from the 

plasma, and it seems very likely that this is, in fact, the cause of oedema 

following intra-cerebral administration of PPS.  If this is the case, it is reasonable 

to ask why some hamsters in this study did not experience adverse effects 

following i.c. PPS treatment.  In considering this question, it is important to note a 

critical difference compared to hyponatremia:  in this case, the relatively high 

osmolality in the brain is localized to the area around the injection site.  This 

difference has a number of repercussions.  First, since the osmotic gradient is 

localized (compared to systemic hypo-osmolality in the plasma), the amount of 

water necessary to balance it would be relatively small, potentially limiting the 

increase in intra-cerebral volume.  Second, injection of PPS results in not only an 

osmotic gradient between the plasma and the cerebral extra-cellular space, but 

between the cerebral extra- and intra-cellular spaces as well.  This means that 
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the increased osmolality in the extra-cellular space can be corrected by an influx 

of water from the plasma as well as extrusion of water from the cells.  Although it 

is likely that the major contribution comes from the plasma, this influx of water is 

unlikely to be followed by cellular swelling.  Third, since PPS was injected locally, 

it would diffuse slowly throughout the brain.  This would have the effect of further 

limiting the amount of water needed to correct the osmotic imbalance between 

the cerebral extra-cellular space and both the plasma and the cerebral intra-

cellula

The explanation for PPS-induced oedema outlined above is attractive in 

part because it may also explain the observation of seizures in dogs [319], and in 

hamsters receiving high doses of PPS.  This concept is best illustrated by 

comparing two possible outcomes of intra-cerebral PPS administration:  a low 

dose of i.c. PPS that is tolerated by the animal; and a high dose that causes 

seizures and death (even in the absence of haematomas [319]).  In the first 

situation, a low dose of PPS would result in a local increase in osmolality in the 

cerebral extra-cellular space.  As the PPS diffused on its own, the osmolality 

would gradually decrease.  At the same time, there would be an influx of water 

from the plasma, perhaps with a contribution of water from cells around the 

injection site.  It is possible that some cells would die because of a loss of water, 

but these effects would be relatively small, and would be restricted to the area 

immediately around the injection site.  As water entered the cerebral extra-

cellular space from the plasma, it would itself diffuse, and aid in the diffusion of 

PPS, resulting in a decrease in the local osmolality until osmotic equilibrium was 

r space.   
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attained.  In this way the influx of water would be limited, and cytotoxic oedema 

would be absent.  In comparison, a high dose of PPS would create an osmotic 

gradie

The existence of the osmotic gradient is commonly put to therapeutic use 

to combat cerebral oedema.  Mannitol is administered to produce hyper-osmolar 

plasma, so that water moves from the brain to the blood to restore osmotic 

equilibrium.  It has been demonstrated that hyper-osmolar conditions induced by 

mannitol increase expression of aquaporins 4 (AQP4) and 9 (AQP9) through p38 

Mitogen-activated Protein Kinase (p38 MAPK) [301].  It would be intriguing to 

nt of greater magnitude, resulting in a larger influx of water from the 

plasma.  While this in itself may be enough to cause injury, there would be 

secondary effects as well.  The influx of water might be large enough that it 

overcompensates:  as water diffuses throughout the brain, it may result in hypo-

osmolality in the extra-cellular space away from the location of the injection.  If 

this were to occur, water would begin to enter brain cells in order to restore 

osmotic equilibrium.  In this manner, a situation of rapidly developing acute 

hyponatremia would be approximated.  If the initial cellular response of extrusion 

of electrolytes was inadequate to restore osmotic equilibrium, the result may be 

unchecked cellular swelling, or cytotoxic oedema.  It was previously noted that 

29% of patients with acute hyponatremia experienced seizures, while the 

mortality rate in these patients was 50% [340].  The observation of seizures in 

dogs that received high doses of i.c. PPS, including in the absence of cerebral 

haematomas [319], as well as the seizures observed in hamsters receiving high 

doses of PPS in this study may be explained by a similar phenomenon.  
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determine whether the induction of a hyper-osmolar state in hamsters would 

make higher doses of PPS tolerable by decreasing the osmotic gradient between 

the plasma and the brain, thereby decreasing cerebral oedema.  In the model of 

disease progression presented earlier to explain abnormalities on MR images, it 

was suggested that vasogenic oedema occurs early in disease, as a result of 

progre

4.2.3.3 Antagonistic Effects of Intra-cerebral PPS Treatment and Scrapie 

Infection on Magnetic Resonance Images may be Caused by Simultaneous 

Vasogenic and Osmotic Oedema 

infected hamster, once vasogenic oedema has been initiated, the water content 

ssive breakdown of the blood-brain-barrier.  Since AQP4 has been shown 

to have beneficial effects in cases of vasogenic oedema [308,309], and since its 

expression can be induced by hyper-osmolar mannitol administration [301], it 

may be worth exploring whether mannitol can influence MR image abnormalities 

and/or prion disease progression.   

The proposed mechanisms described above may also be relevant to the 

second question raised by the results of the PPS treatment study, seeking an 

explanation for the apparently antagonistic effects of intra-cerebral PPS 

treatment and scrapie infection.  According to the hypothesis that has been 

developed here, scrapie infection causes vasogenic oedema due to leakiness of 

the blood brain barrier, allowing water to enter the brain from the blood.  In 

comparison, PPS has been proposed to cause osmotic oedema, due to the 

creation of an osmotic gradient between the blood and the brain, resulting from 

injection of a substance with high osmolality (PPS).  Considering a scrapie-
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in its brain will be higher than in an uninfected hamster.  It follows then, that 

injection of PPS would result in an osmotic gradient of lesser magnitude, causing 

less infusion of water due to osmolality.  Furthermore, if AQP4 expression is 

induced by hypo-osmolar plasma [301], it is not unreasonable to expect that it 

may similarly be induced by hyper-osmolar brain tissue.  If this is the case, it may 

subsequently facilitate the removal of water from the brain tissue to the blood, 

since increased AQP4 activity has been shown to be beneficial in minimizing the 

effects of vasogenic oedema [308,309].   
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5. Conclusions and Future Directions 

The studies presented here have addressed two unresolved aspects of 

prion research:  diagnosis and treatment.  As a consequence of some 

unexpected results, new avenues of research into prion disease pathogenesis 

have also been introduced.  For the first time, progressive increases in both T2 

relaxation time and apparent diffusion coefficient have been observed in the 

hippocampus of scrapie-infected hamsters beginning very early in disease 

progression.  Histological examination of four brain regions of interest at four time 

points corresponding to the collection of MR images revealed that the thalamus 

was the region that was affected earliest and most severely with respect to both 

spongiform change and PrPSc deposition, and that MR image abnormalities 

appeared before histological changes in any region.  Since histological changes 

did not correlate with MR image abnormalities, either in timing or location, it was 

argued that MR image abnormalities were not caused by histological changes, at 

least at the pre-clinical stages studied initially.  Vasogenic oedema resulting from 

leakiness of the blood brain barrier was proposed as an alternative explanation 

for MR image abnormalities, since increased T2 relaxation time is indicative of 

increased bio-fluid content in the tissue.  The observation of increased apparent 

diffusion coefficient in the same brain region supported this suggestion.     

In order to explain the significance of oedema in the pre-clinical stage, and 

its potential role in disease pathogenesis, a speculative model was proposed, 

relating PrPSc replication, aquaporin-4 (AQP4) expression, and oedema (Figure 

44).  Briefly, it was suggested that conversion of PrPC to PrPSc alters signalling 
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through PKC and p38 MAPK, resulting in dysregulation of AQP4 expression and 

activity.  It was speculated further lts in increased AQP4 expression 
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at in the presence of high levels of extra-cellular fluid due to vasogenic

oedema, initiation of cytotoxic oedema results during the clinical stage of

uronal death. 

A subsequent MRI study, during which various pentosan polysulp

treatment regimens were tested, produced a number of surprising results:  intra-

al treatment with PPS resulted in image abnormalities on T2 maps tha

were similar to those observed following scrapie infection; paradoxically, 

a ou h i.c. PPS treatment and scrapie infection both produced increased 

 T2 values, these effects appeared to be antagonis

creases in T2 relaxation time in scrapie-infected hamsters (and in i.

treated hamsters) were not restricted to the hippocampus, as previously though

but rather affected all regions studied.  As previously concluded, histologic

s characteristic of prion disease, this time measured at the end stage of

e, did not correlate with MR image abnormalities, and the thalamus 

again the region that was most affected by spongiform change and PrP

accumulation in scrapie-infected hamsters.  The observed effects of 

treatment on survival time and histological hallmarks of prion disease did n

d viat  much from the expected.  Intra-cerebral PPS treatment at the tim

-infection was by far the most effective treatment in
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moderately effective.  These results confirm that peripheral treatment with PPS is 
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expected values of spongiform r ch change, PrP  deposition, and gliosis.   

As mentioned earlier, the second MRI study produced a number of 

ing results.  It is likely that MR image abnormalities in regions other than 

the hippocampus that were missed in the initial MRI study were observed

la ter study because of a difference in the method for producing relative value

In the second study, a copper sulphate standard was used to produce relativ

values, an improvement over the similar use of the thalamus in the initial study. 

r to explain the other two unexpected results, concerning the effects of i

reatment on MR images, and the paradoxically antagonistic effects of 

 infection and i.c. PPS treatment, the previous model for disease

pathogenesis in relation to oedema, AQP4 expression and activity, and PrP

replication was revisited.  In the context of this model, it was proposed that i

eatment induced oedema through the creation of an
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no direct links between PrP and AQP4 expression or activity have been

ished.  The first requirement to confirm the proposed involvement of AQP4
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gh AQP4 expression levels were not evaluated.  Both

s of the mechanisms suggested here.  

I have postulated that intra-cerebral injection of PPS results in osmotic 

a by creating an osmotic gradient, resulting in an influx of water from

blood to the brain tissue.  In order to test this hypothesis, hyper-osm

eated by injection of mannitol.  This

be expected to have a similar effect on T2 maps to that observed

intra-cerebral treatment with PPS.  When an osmotic gradient exists across th

blood brain barrier, water moves down the gradient through AQP4.  If PPS wa

d intra-cerebrally in AQP4-null mice, this gradient could not be corre

by an influx of water from the blood.  Instead, cells would be expected to lose 

water content, and likely become necrotic as a result.  Results such as the

would provide further support to the model I have proposed.   

The results presented are indicative of the accumulat

brain b , likely as a 

rrier.  Furthermore, it is apparent that 

efore the appearance of clinical symptoms of scrapie infection

sogenic oedema materializes before the appearance of significant levels of

the typical histological hallmarks of prion disease (spongiform change, PrPSc
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explain sease 

induced MR image abnormalities and possibly even the direct cause of death, 

but the

r  

of AQ or 

 

 

itial 

results  

been r  

o 

prions disease pathogenesis.   

 the appearance of oedema, as well as its potential role in di

pathogenesis.  This model is attractive not only for its potential to explain scrapie-

 effects of intra-cerebral PPS treatment as well.  Because this model is 

c itically dependent on the suggested effects of PrPC and PrPSc on the regulation

P4, some possible studies have been suggested in order to prove 

disprove this connection.  Further to these, a number of other directions in

research have been suggested to explore the proposed model, although the list I

rovided is by no means exhaustive, and is highly depenhave p dent on in

 in the studies I have suggested.  The field of prion research has always

ife with controversy, and characterized by surprising results.  It should

therefore perhaps not be unexpected that something so seemingly unrelated t

as water imbalance may prove to be critical to 
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Appendix 1 – Results of Pentosan Polysulphate Toxicity 

Study. 
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As noted in the Materials and Methods section, the original dose of PPS 

used for i.c. treatments was 20 mg/kg.  When the first six mock-infected 

hamsters were given this dose e 

typical picture consist re  iso h a ed 

n av m f  to 

twenty minutes, including exploring the recovery cage, with or without 

seizures, normally consisting of full body convulsions lasting up to fifteen 

seconds at a time.  In between seizures, the hamsters were typically immobile.  

At the beginning, seizures occurred as often as every minute, becoming 

progressively less frequent, and in some cases stopping all together after about 

one hour.  All but one of these hamsters was euthanized, in each case whenever 

it became apparent that the hamster would not survive, or was experiencing 

severe discomfort.  The skulls of all of the euthanized hamsters were opened, 

and in each case, an haematoma, typically large, was evident at the site of 

injection.   

The one surviving hamster belonged to the group receiving treatment at 

26 dpi.  Following injection, the hamster recovered slowly although seemingly 

well.  Once it was transferred back to its cage from the recovery cage, at 45 

minutes post injection, it stopped moving.  It was monitored for the next hour and 

a half during which time it began to move around again; it was then returned to 

the animal facility, where the staff continued to monitor it for a further four hours.  

 of PPS, they experienced adverse effects.  Th

ed of covery from flurane anaest etic th t seem

ormal, if slightly slower than usual.  Beh iour re ained normal or five

eating/drinking.  At some point, during this time, the hamsters began to have 
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For about one hour of this time, the hamster experienced small absent seizures 

abou gain 

the following morning, at which time it exhibited normal behaviour over the four 

hours of observation, including such activity m n .  

determined that the hamster could be kept, nd   b  

imaged unt owe er, i ld ted at 

f   tim P  d  ha ster g ed  

few grams i

In order to determine a tolerable dose of PPS, hamsters were injected 
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they remained in the study.  However, as a consequence of these results, the i.c. 

dose of PPS for the groups receiving treatment at 26 dpi was adjusted to 1 

mg/kg. 

Hamsters receiving this dose (at 26 dpi) tolerated it well.  In the case of 

one mock-infected hamster, it occasionally arched its head backwards and 

blinked rapidly in the 45 minutes following the procedure.  It is important to 

consider that the procedure for treatment at 26 dpi was much more invasive, 

involving drilling of the skull with a dental drill, and that the response of hamsters 

undergoing this procedure was also influenced by this high degree of 

invasiveness. 

In order to determine the reasons why largely variable doses result in 

similar adverse effects in different species, it is useful to consider the size of the 

animal being treated.  A better understanding of the situation can be established 

by examining how a dose expressed in mg/kg body weight of the animal being 

treated translates to a raw quantity of PPS injected.  Beginning with the hamsters 

in this study that exhibited adverse effects:  a dose of 20 mg/kg translated to 1.5 

mg and 2.5 mg of PPS at 0 dpi, and 26 dpi, respectively; the 5 mg/kg dose 

converted to 350 µg PPS; and the 2 mg/kg dose corresponded to 140 µg PPS 

(this dose was well tolerated by mock-infected hamsters, but caused some 

adverse effects in scrapie-infected hamsters).  The hamsters that tolerated intra-

cerebral PPS received doses of either 1 mg/kg translating to 70µg of PPS at 0 

dpi, or 115-120µg PPS at 26 dpi; or 0.5 mg/kg, translating to 35µg PPS.  In 

comparison, dogs in the Doh-Ura study received slow continuous infusions of 



 241

PPS at doses of 230 µg/kg/day; 345 µg/kg/day; and 460 µg/kg/day [300].  If the 

weight of the dogs may be conservatively estimated as 10 kg, these doses 

translate to 2.3 g/day; 3.45 g/day; and 4.6 g/day.  A low continuous infusion of a 

drug will eventually result in a constant level of the drug in the brain, as an 

equilibrium is reached between newly infused drug and drug being cleared.  It is 

reasonable to assume that this stable level will be reached within 24 hours of the 

initiation of treatment; Doh-Ura et. al. report that when dogs exhibited adverse 

effects of PPS treatment, it occurred within 24 hours [300].  Without any means 

of definitively determining what this level is, the amount of drug infused per hour 

may be used as a reasonable approximation.  If this assumption is applied to the 

dogs in the Doh-Ura study, the resulting PPS levels that were either completely 

tolerated, or caused seizures in either some, or all, dogs are:  95.83 µg; 143.75 

µg; and 191.67 µg, respectively.   

When data collected in dogs is compared to the hamster data presented 

here, there appears to be a clear level at which PPS causes adverse effects:  in 

both hamsters and dogs, PPS levels around 140 µg caused seizures in some, 

but not all animals tested.  In comparison, all PPS levels below 140 µg, to a 

maximum tested level of 120 µg were well tolerated, while all levels above 140 

µg resulted in severe adverse effects in all animals tested.  While this exercise 

produced attractive similarities in data collected in hamsters and dogs, it is 

important to realize that the numbers representing stable PPS levels in dogs are 

merely a very rough estimate produced under a number of unverified 

assumptions.  The equilibrium levels of PPS in the brain of dogs were not 
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measured, and the rate of clearing of PPS in the brain is unknown in any of these 

animals, so the accuracy of these estimates is very much in question.  However, 

the tolerable amount of PPS injected intra-cerebrally in hamsters can be said to 

be no more than about 120 µg.  The above exercise estimating the PPS levels in 

the brain of dogs in the Doh-Ura study [300] at the very least is indicative that this 

level is a useful starting point in other species as well.   

The other available data regarding PPS toxicity following intra-cerebral 

injection also bears further examination.  In a review article, a personal 

communication is presented, indicating that a dose of approximately 4 g/kg PPS 

injected intra-cerebrally in mice caused fatal cerebral haemorrhages in all cases 

[297].  It also indicates that the amount of PPS injected was 5 mg, and that this is 

50-fold the anticoagulant dose [297].  These statements hold an inherent 

contradiction.  If the weight of a mouse at the time of injection can reasonably be 

assumed to be 20 g, then a dose of 4 g/kg would equate to a total of 80 mg PPS 

injected, not 5 mg.  It is unclear whether the actual PPS dose given to these 

mice, which resulted in fatal cerebral haemorrhage, was 4 g/kg or a total of 5 mg.  

This is unfortunate, because the initial dose for the study presented here (20 

mg/kg) was chosen using the 4 g/kg dose as a guideline.  As it happens, the 

highest amount of PPS injected in hamsters was 2.5 mg (at 26 dpi), causing 

seizures in all animals.  If the dose given to the mice discussed above was a total 

of 5 mg, then this result is not unexpected.  It is also interesting that when 5 mg 

is divided by 50, it gives 100 µg, which according to this article is the 

anticoagulant dose of PPS [297].  The highest tolerable dose in hamsters was 
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120 µg, so if 100 µg is in fact the anticoagulant dose, then it makes sense that 

doses much greater than this result in cerebral haemorrhage and death. 
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0.  MRI Slice 6 Group  Comparison at 19 dpi. Table 2  x Region
 

p values 
Mock fecte c. P ed No I.c. PPS-In d I. PS Mock-Infect

 Hippo Cortex ypoth Hippo Cortex HypothalH al
Infected No S ippo 0.002 0.1 22 0.158  I.c. PP H < 0.117 20 <0.004 0.1
Infected No S e 001 0.0 .015 <0.00 <0.001 <0.002  I.c. PP  Cort x <0. < 05 <0  1 
Infect  No 0 .04 <0.001 <0.025 <0.04 ed  I.c. PPS Thalamus <0. 01 <0.03 <0   
Infec  No S . 4 316 0.246 0.814 0.721 ted I.c. PP  Hypothal <0 03 0. 38 0.   

Statistically ca ults dicated in black.  Hippo:  ocampus; Hypo:  
othalam p s i n  int cereb l; PPS:  pentosan 
s hat

 signifi nt res  in Hipp
Hyp us.  D

e
i:  day  post njectio ; I.c.: ra- ra

poly ulp . 
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Table 21.  MRI Slice 6 Group x Region Comparison at 33 days post injection. 

 
Group/Region I p values D 
 G up R 7 8 ro egion 1 2 3 4 5 6  

1 0.904 0.964 0.999 < <0 0. .001Hippo  0.001 .001 < 001 <0
2 Cortex 0.904  < <01 1 0.001 .001 <0.001 0.06 
3 Thal 0 <0 0. .381 .964 1  1 0.051 .001 < 005 0
4 0.999 1 < <0 0. .144 

A 

Hypo 1  0.01 .001 < 001 0
5 Hippo <0.001 <0.001 0.051 0.01  0.706 0.995 1 <
6 Cortex <0.001 <0.001 <0.001 <0. 0.479 001 0.706  1 
7 < 0 < < 0.995 1 Thal 0.001 < .001 0.005 0.001  0.93 
8 < 0.144 0.479 0.93  

B 

Hypo 0.001 0.06 0.381 1 
9 Hippo 0 <0.001 <0.0 <0. .006.999 1 1 1 01 001 <0

10 C 0.879 <0.001 <0.00  <0. .072 ortex 1 1 1 1 001 0
11 0 1 <0.001 <0.01 0.449 Thal .943 1 1 0.07 
12 Hypo 1 1 1 1 <0.005 <0.001 <0.001 0.

C 

09 
13 Hippo <0.001 0.11 0.615 0.275 0.932 ,0.01 0.292 1 
14 Cortex <0.001 <0.001 <0.015 <0.002 1 0.987 1 0.996 
15 Thal <0.001 <0.015 0.159 <0.05 1 0.864 0.997 1 
16 

D 

Hypo <0.01 0.693 0.953 0.758 0.799 0.012 0.203 0.999 
 

 Group Region 9 10 11 12 13 14 15 16 
1 Hippo 0.999 0.879 0.943 1 <0.001 <0.001 <0.001 <0.01 
2 Cortex 1 1 1 1 0.11 <0.001 <0.015 0.693 
3 Thal 1 1 1 1 0.615 <0.015 0.159 0.953 
4 

A 

Hypo 1 1 1 1 0.275 <0.002 <0.05 0.758 
5 Hippo <0.001 <0.001 0.07 <0.005 0.932 1 1 0.799 
6 Cortex <0.001 <0.001 <0.001 <0.001 <0.01 0.987 0.864 <0.015
7 Thal <0.001 <0.001 <0.01 <0.001 0.292 1 0.997 0.203 
8 

B 

Hypo <0.01 0.072 0.449 0.09 1 0.996 1 0.999 
9 Hippo  1 1 1 <0.01 <0.001 <0.001 0.237 

10 Cortex 1  1 1 0.133 <0.001 <0.015 0.736 
11 Thal 1 1  1 0.691 <0.015 0.2 0.972 
12 

C 

Hypo 1 1 1  0.179 <0.001 <0.03 0.637 
13 Hippo <0.01 0.133 0.691 0.179  0.482 0.996 1 
14 Cortex <0.001 <0.001 <0.015 <0.001 0.482  1 0.367 
15 Thal <0.001 <0.015 0.201 <0.03 0.996 1  0.959 
16 

D 

Hypo 0.237 0.736 0.972 0.637 1 0.367 0.959  
Statistically significant results indicated in black.  A:  Mock-infected i.c. PPS; B:  Mock-
infected No i.c. PPS; C:  Scrapie-Infected i.c. PPS; D:  Scrapie-Infected No i.c. PPS.  
Hippo:  Hippocampus; Thal:  Thalamus; Hypo:  Hypothalamus. 
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Table 22.  MRI Slice 6 Group x Region Comparison at 47 dpi. 

 
Group/Region ID p values 
 Group Region 1 2 3 4 5 6 7 8   

1 Hippo  0.76 0.786 1 < < <0.001 0.001 <0.001 0.001
2 Cortex 0.76  1 0.9  < < <98 0.001 0.001 <0.001 0.001
3 Thal 0.786 1  0.9  <0.01 <0.001 <0.03 94 <0.001
4 

A 

Hypo 1 0.9  0.994  <0.001 < <0.00198 0.001 <0.001
5 Hippo <0.001 < <0.01 <  <0.025 0.808 1 0.001 0.001
6 Cortex <0.001 <0.001 < < <0.025  1 0.134 0.001 0.001
7 Thal <0.001 <0.001 <0.001 < 0.808 1  0.905 0.001
8 

B 

Hypo < < <0.03 < 1 0.134 0.905 0.001 0.001 0.001  
9 Hippo 0.18 1 1 0.866 <0.001 < <0.01 0.001 <0.001

10 Cortex <0 1 0.594 0.974 0.121 <.00 0.167 0.001 <0.002 0.45 
11 Thal <0  0.877 0.994 0.331 0.595 < < 0.781 .03 0.001 0.05 

C 

12 Hypo 0.678 1 1 0.9  < <84 0.015 0.001 <0.001 <0.05 
13 Hippo < < <0.02 <0.001 1 < 0.538 1 0.001 0.001  0.005 
14 Cortex <0.001 <0.001 < < 0.916 0.887 1 0.976 0.001 0.001
15 Thal < < < < 1 0.508 0.997 0.001 0.001 0.005 0.001 1 
16 

D 

Hypo <0 1 0.363 0.91 0.057 0.368 <0.001 <0.01 0.686 .00
 

 Group Region 9 10 11 12 13 14 15 16 
1 Hippo 0.18 <0.001 <0.03 0.678 < < <0.0010.001 0.001 <0.001
2 Cortex 1 0.5  0.877 1 < < 0.363 94 0.001 0.001 <0.001
3 Thal 1 0.9  0.994 1 <0.02 <0.001 < 0.91 74 0.005
4 

A 

Hypo 0.866 0.121 0.331 0.984 <0.001 < < 0.057 0.001 0.001
5 Hippo <0.001 < 1 0.916 1 0.368 0.167 0.595 0.015
6 Cortex <0.001 <0.001 < < < 0.887 0.508 <0.0010.001 0.001 0.005
7 Thal <0.001 <0.002 <0.05 < 0.538 1 0.997 <0.01 0.001
8 

B 

Hypo < 0.7  < 1 0.976 1 0.686 0.01 0.45 81 0.05 
9 Hippo  0.9  0.998 1 < < 0.921 85 0.002 0.001 <0.001

10 Cortex 0.985  1 0.9  0 < 0.138 1 91 .383 0.001 
11 Thal 0.998 1  0.998 0.8  < 0.453 1 01 0.05 
12 

C 

Hypo 1 0.991 0.9   < < < 0.957 98 0.05 0.001 0.01 
13 Hippo < 0.8  <  0.647 1 0.652 0.002 0.383 01 0.05 
14 Cortex <0.001 <0.001 <0.05 < 0.647  1 <0.0050.001
15 Thal < 0.453 < 1 1  0.288 0.001 0.138 0.01 
16 

D 

Hypo 0.921 1 1 0.957 0.652 <0.005 0.288  
Statistically significant results indicated in black.  A:  Mock-infected i.c. PPS; B:  
Mock-infected No i.c. PPS; C:  Scrapie-Infected i.c. PPS; D:  Scrapie-Infected No 
i.c. PPS.  Hippo:  Hippocampus; Thal:  Thalamus; Hypo:  Hypothalamus. 
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Table 23.  MRI Slice 6 Group x Region Comparison at 61 dpi. 

 
Group/Region ID p values 
 Group Region 1   2 3 4 5 6 7 8 

1 Hippo  1 1 1 <0.001 <0.001 <0.001 <0.05
2 Cortex 1   1 1 0.17 <0.002 0.057 1 
3 Thal 1 1  1 1 0.249 1 1 
4 

A 

Hypo 1 1 0.13  1  <0.005 <0.05 0.593
5 Hippo <0.001 0.17 1 0.13  1 1 1 
6 Cortex <0.001 <0.002 0.249 <0.005 1   1 1 
7   Thal <0.001 0.057 1 <0.05 1 1 1 
8 

B 

Hypo <0.05 1 1 0.593 1 1 1  
9 Hippo 1 1 1 1 0.121 <0.001 <0.05 1 

10 Cortex 1 1 1 1 1 0.124 1 1 
11 Thal 1 1 1 1 1 1 1 1 

C 

12 Hypo 1 1 1 1 1 0.167 1 1 
13 Hippo 0.717 1 1 1 1 <0.05 1 1 
14 Cortex <0.01  0.831 1 0.464 1 1 1 1 
15 Thal 0.254 1 1 1 1 1 1 1 
16 

D 

Hypo 1 1 1 1 1 <0.05 0.782 1 
 

 Group   15 Region 9 10 11 12 13 14 16 
1 Hippo 1 1 1 1 0.717 <0.01 0.254 1 
2 Cortex 1 1 1 1 1 0.831 1 1 
3 Thal 1 1 1 1 1 1 1 1 
4 

A 

Hypo 1 1 1 1 1 0.464 1 1 
5 Hippo 0.121 1 1 1 1 1 1 1 
6 Cortex <0.001 0.124 1 0.167 <0.05 1 1 <0.05
7 Thal <0.05 1 1 1 1 1 1 0.782
8 

B 

 Hypo 1 1 1 1 1 1 1 1 
9 Hippo  1 1 1 1 0.616 1 1 

10 Cortex 1  1 1 1 1 1 1 
11 Thal 1 1  1 1 1 1 1 
12 

C 

Hypo  1 1 1  1 1 1 1 
13 Hippo 1 1 1 1  1 1 1 
14 Cortex 0.616  1 1 1 1  1 1 
15 Thal 1 1 1 1 1 1  1 
16 

D 

Hypo 1 1 1 1 1 1 1  
Statistically significant results indicated in black.  A:  Mock-infected i.c. PPS; B:  
Mock-infected No i.c. PPS; C:  Scrapie-Infected i.c. PPS; D:  Scrapie-Infected No 
i.c. PPS.  Hippo:  Hippocampus; Thal:  Thalamus; Hypo:  Hypothalamus. 
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Table 24.  MRI Slice 6 Group x Region Comparison at 75 dpi. 

 
Group/Region ID p values 
 Group Region 1 2 3 4 5 6 7 8 

1 Hippo  < <1 1 1 <0.001 <0.001 0.001 0.001
2 Cortex 1  < < <1 1 0.001 <0.001 0.001 0.025
3 Thal 1 1  < < 1 <0.02 0.001 0.015 0.435 
4 

A 

Hypo 1 1 1 < < 0.001 <0.001 0.001 <0.03 
5 Hippo <0.001 < <0.02 < 10.001 0.001  1  1 
6 Cortex <0.001 < <0.001 1 10.001 <0.001   1 
7 Thal <0.001 < < < 1  1 0.001 0.015 0.001 1 
8 

B 

Hypo <0.001 <0 1 1 1 .025 0.435 <0.03  
9 Hippo 0 1 1 1 0.198 0.166 1 .829 <0.005 

10 Cortex <0.001 <0.05 0.671 <0.05 1 1 1 1 
11 Thal 0 1.117  1 0.815 1 1 1 1 

C 

12 Hypo 1 1 1 1 1 0.341 1 1 
13 Hippo 1 1 1 1 < < 00.001 <0.001 0.002 .351 
14 Cortex <0.01 0.475 1 <0.015 0.638 1 0.411 0.724 
15 Thal 0 1 < 0.567 1 .254 1 1 0.79 0.03 
16 

D 

Hypo 1 1 < 0.119 1  1 1 0.135 0.005 
 

 Group Region 9 10 11 12 13 14 15 16 
1 Hippo 0 < 0.254 1 .829 0.001 0.117 1 1 <0.01 
2 Cortex 1 <0.05 0 1 1 1 .475 1 1 
3 Thal 1 0.6  71 1 1 1 1 1 1 
4 

A 

1 <Hypo  0.05 0.815 1 1 0.411 1 1 
5 Hippo 0 < 0.724 0.79 .198 1 1 1 0.001 0.135 
6 Cortex <0.005 1 1 0.341 <0.001 < < <0.015 0.03 0.005
7 Thal 0 < 0.638 0.567 .166 1 1 1 0.002 0.119 
8 

B 

Hypo 1 1 1 1 0 1 1 1 .351 
9 Hippo  1 1 1 1 1 1 1 

10 Cortex 1  0.6  11 1 53 1  1 
11 Thal 1 1  1 1 1 1 1 
12 

C 

Hypo 1 1 1  1 1 1 1 
13 Hippo 1 0.6  53 1 1  1 1 1 
14 Cortex 1 1 1 1 1 1 1  
15 Thal 1 1 1   1 1 1  1 
16 

D 

Hypo 1 1 1 1 1 1 1  
Statistically significant results indicated in black.  A:  Mock-infected i.c. PPS; B:  
Mock-infected No i.c. PPS; C:  Scrapie-Infected i.c. PPS; D:  Scrapie-Infected No 
i.c. PPS.  Hippo:  Hippocampus; Thal:  Thalamus; Hypo:  Hypothalamus. 
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Table 25.  MRI Slice 6 Group x Region Comparison at 89 dpi. 

 
Group/Region ID p values 
 Group Region 1 2  3 4 5 6 7 8 

1 Hippo  1 <0.0011 1 <0.001 <0.001 <0.01
2 Cortex 1  1 1 <0.03 <0.001 <0.005 0.392
3 Thal 1 1   1 0.916 <0.02 0.101 1 
4 

A 

Hypo 1 1 1  0.537 0.107 <0.002 <0.01
5 Hippo <0.001 <0.03  0.916 0.107  1 1 1 
6 Cortex <0.001 <0.001 <0.02 <0.002 1   1 1 
7 Thal <0.001 <0.005 0.101  <0.01 1 1 1 
8 

B 

Hypo <0.01 0.392 1  1 0.537 1 1  
9 Hippo 1 1 1  1 1 0.059 0.417 1 

10 Cortex <0.01  0.36 1 0.467 1 1 1 1 
11 Thal 0.621 1 1  1 1 1 1 1
12 

C 

Hypo 1 1  1 1 1 1 1 1 
13 Hippo <0.03 0.884 0 3 1 .90 1 1 1 1 
14 Cortex <0.001 0.08 <0.01 <0.005 1 1 1 1 
15 Thal 0.053 0.821 0 3 1 1 .69 1 1 1 
16 

D 

Hypo 0.233  1 1 1 1 1 1 1 
 

 Group Region 9 10  11 12 13 14 15 16 
1 Hippo 1 <0.01 <0.03 <0.001 0.053 0.2330.621 1 
2 Cortex 1 0 4  0.821 1 0.36 1 1 .88 <0.005
3 Thal 1 1 1 1 1 0.08  1 1 
4 

A 

 0 3 <0.01 0.693 1 Hypo 1 0.467 1 1 .90
5 Hippo 1 1 1 1 1 1 1 1 
6 Cortex 0.059 1 1 1 1 1 1 1 
7 Thal 0.417 1 1 1 1 1 1 1 
8 

B 

  Hypo 1 1 1 1 1 1 1 1 
9 Hippo  1 0.333  1 1 1 1 1 

10 Cortex 1   1 1 1 1 1 1 
11 Thal 1 1   1 1 1 1 1 
12 

C 

Hypo 1   1 1  1 1 1 1 
13 Hippo 1 1  1 1  1 1 1 
14 Cortex 0.333   1 1 1 1  1 1 
15 Thal 1 1  1 1 1 1 1 
16 

D 

Hypo 1 1  1 1 1 1 1  
Statistically significant results indicated in black.  A:  Mock-infected i.c. PPS; B:  
Mock-infected No i.c. PPS; C:  Scrapie-Infected i.c. PPS; D:  Scrapie-Infected No 
i.c. PPS.  Hippo:  Hippocampus; Thal:  Thalamus; Hypo:  Hypothalamus. 
 



 
Table 26.  MRI Slice 6 Group x Region Comparison at 103 dpi. 

 
Group/Region ID p values 
 Group Region 1 2 3 4 5 6 

1 Hippo  0.327 0.557 0.995 <0.001 <0.001 
2 Cortex 0.327  1 0.9 <98 0.015 <0.001 
3 Thal 0.557 1  0.9 098 .18 <0.025 
4 

A 

Hypo 0.995 0.998 0.998  <0.01 <0.001 
5 Hippo <0.001 <0.015 0.18 <  0.983 0.01 
6 Cortex <0.001 < < < 0.983  0.001 0.025 0.001
7 Thal <0.001 <0.01 0 <0 1 1 .082 .005
8 

B 

Hypo < 0.246 0.641 0.078 1 0.839 0.001  
9 Hippo <0.001 <0.01 <0.05 <0.005 0.852 0.996 

10 Cortex < < <0.002 <0 0.175 0.569 0.001 0.001 .001
11 Thal < <0.05 0.0 <0.015 0.839 0.982 0.001 8 

C 

Hypo <0. 2 0.114 0.212 <0.05 0.977 1 0012 
 

 Gr  R 13 14 oup egion 9 10 11 12  
1 Hippo <0.001 < <0.001 <0 0.0 <0.002 0.001 .001 < 01
2 Cortex <0.01 0.246 <0.01 <0.001 <0.05 0.114 
3 Thal 0.082 0.641 <0.05 <0.002 0.081 0.212 
4 

A 

<0. 5 0.078 <0. <0. <0. <0.Hypo 00 005 001 015 05 
5 Hippo 1 1 0.852 0.175 0.839 0.977 
6 Cortex 1 0.839 0.996 0.569 0.982 1 
7 Thal  0.973 0.993 0.573 0.975 0.999 
8 

B 

Hypo 0.973  0.65 0.0 0. 093 675 .908 
9 Hippo 0.993 0.65 0.999 1 1  

10 Cortex 0.573 0.093 0.999  1 1  
11 Thal 0.975 0.675 1 1  1 
12 

C 

Hypo 0.9  0.9  1 1 1  99 08
Statistically esults dicate in black.  A:  Mock-in cted i  PPS :  

k ec i.c. S; C: Scrapi nfected i.c. P .  Hip :  Hippocam
l: ala Hyp  Hypo lamus  

 significant r  in d fe .c. ; B
Moc -inf

 Th
ted No PP   e-I PS po pus; 

Tha mus; o: tha .
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Table 27.  MRI Slice 6 Group x Region Comparison at 117 dpi. 

 
Group/Region ID p values 
 Group Region 1 2 3 4 5 6 

1 Hippo  1 1 1 <0.005 <0.001 
2 Cortex 1  1 1 0.076 <0.001 
3 Thal 1 1  1 1 <0.02 
4 

A 

Hypo 1 1 1  0.242 <0.002 
5 Hippo <0.005 0.076 1 0.242  1 
6 Cortex <0.001 <0.001 <0.02 <0.002 1  
7 Thal <0.001 <0.005 0.165 <0.02 1 1 
8 

B 

Hypo 0.282 1 1 1 1 0.859 
9 Hippo 0.445 1 1 1 1 1 

10 Cortex <0.01 0.055 0.351 0.073 1 1 
11 Thal 0.777 1 1 1 1 1 
12 

C 

Hypo 1 1 1 1 1 1 
 

 Group Region 9 10 11 12 13 14 
1 Hippo <0.001 0.282 0.445 <0.01 0.777 1 
2 Cortex <0.005 1 1 0.055 1 1 
3 Thal 0.165 1 1 0.351 1 1 
4 

A 

Hypo <0.02 1 1 0.073 1 1 
5 Hippo 1 1 1 1 1 1 
6 Cortex 1 0.859 1 1 1 1 
7 Thal  1 1 1 1 1 
8 

B 

Hypo 1  1 1 1 1 
9 Hippo 1 1  1 1 1 

10 Cortex 1 1 1  1 1 
11 Thal 1 1 1 1  1 
12 

C 

Hypo 1 1 1 1 1  
Statistically significant results indicated in black.  A:  Mock-infected i.c. PPS; B:  
Mock-infected No i.c. PPS; C:  Scrapie-Infected i.c. PPS.  Hippo:  Hippocampus; 
Thal:  Thalamus; Hypo:  Hypothalamus. 
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Table 28.  MRI Slice 5 Group x Region Comparison at 19 dpi. 

 
p values 

Mock- ected . PPS Mock-Infected No I.c. PPS Inf  I.c  
 C rtex al H o x l Hypo Hippo o Th Hypo ipp Corte  Tha

Hippo <0.001 0.513 0.171 <0.001 2 5 <0.02 <0.03 <0.00 0.17
Co x  1 <0.03 <0.001 5 <0.001rte <0.001 <0.00 0.146 <0.001 <0.00
Thal <0.001 67 <0.001 1 7 <0.01 <0.01 0.2 0.068 <0.00 0.05

D 

Hypo 0 198 3 0.319 <0.01 0.199 0.817 0.441 0.09 . 0.78
 

Scrapie-Infec P a cte o I.c. PPS ted I.c. PS Scr pie-Infe d N
    Cortex l Hypo Hippo Cortex Thal Hypo Hippo  Tha

Hippo  1 0.235 0.855 0.998 0.911  0.989 1 
Co x   0.909 rte <0.025 0.285 0.904 0.526 0.989  1 
Thal  0.993 0.085 0.544 0.962 0.697 1 1  

D 

Hypo   3  0.682 0.993 1 0.99 1 0.909 0.99
Statistically significant results indicated in black.  D:  Scrapie-Infected No i.c. 
P oc pus; Thal:  Thalamus; Hypo:  Hypothalamus. 
 

PS.  Hippo:  Hipp am
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Table 29.  MRI Slice 5 Group x Region Comparison at 33 dpi. 

 
Gr s oup/Region ID p value
 Group Region 1 2 3 4 5 6 7 8 

1 H 1  1 00 01 01 0.135ippo  1 <0. 2 <0.0  <0.0
2 Co 1  1 1 0.01 01 05 0.386rtex <  <0.0  <0.0
3 T 1  1 15 7 1 hal 1 0.264 <0.0  0.09
4 

A 

H  1  <0.05 <0.002 <0.02 0.519ypo 1 1 
5 Hi .00 1 6 .0  1 1 1 ppo <0 2 <0.0  0.2 4 <0 5 
6 Co .00 0 1 .00 1 rtex <0 1 <0.0 1 <0.0 5 <0 2 1  1 
7 Thal <0.00 05 .097 0.0  1 1 1 <0.0 0 < 2 1  
8 

B 

Hy .135 6 51 1 1 1  po 0  0.38  1 0. 9 
9 H 1   1 0.002 .001 .001 0.11 ippo 1 1 < <0 <0

10 C   1 00 01 01 0.072ortex 1 1 1 <0. 1 <0.0  <0.0
11 T 1  1 5 15 3 1 hal 1 1  0.2 4 <0.0  0.09
12 

C 

H 1  1 .05 001 15 0.453ypo 1 1  <0  <0.  <0.0
13 Hippo 0.247 0.776 1 1 1 0.484 1 1 
14 Cortex <0.005 .015 .325 0.05 1 1 1 1  <0 0 <  
1 05 2 79 20  1 5 Thal <0.  0.12  0.9  0. 9 1 1 1 
1

D

Hy 1 1  1 1 

 

po 1 1 1 1 6 
 

 Group Region   1 12 3  16 9 10 1  1  14 15 
1 Hi 1  1 1 4 05 05 1 ppo 1 0.2 7 <0.0  <0.
2 Co 1 1 1 1 76 .015 2 1 rtex 0.7 <0  0.12
3 Thal 1 1  1 0.325 0.979 1 1 1 
4 

A 

Hy 1 1 1 1 05 9 1 po 1 <0.  0.20
5 H .00 01 .254 <0.05 1 1 1 1 ippo <0 2 <0.0 0
6 C 0 01 .015 0.001 0.484  1 ortex <0.0 1 <0.0 <0 <  1 1 
7 T .00 0 93 <0.01 1 1 1 1 hal <0 1 <0.0 1 0.0 5
8 

B 

H .11 2 0.45 1 1 1 1 ypo 0  0.07  1 3 
9 Hippo  1 1 1 0.197 <0.002 <0.05 1 

10 Cortex 1  1 1 0.122 <0.001 <0.02 0.906
11 Thal 1 1  1 1 0.313 0.949 1 
12 Hypo 1 1 1  0.975 <0.05 0.181 1 

C 

13 Hippo 0.197 0.122 1 0.975  1 1 1 
14 Cortex <0.002 <0.001 0.313 <0.05 1  1 1 
15 Thal <0.05 <0.02 0.949 0.181 1 1  1 
16 

D 

Hypo 1 0.906 1 1 1 1 1  
Statistically significant results indicated in black.  A:  Mock-infected i.c. PPS; B:  
Mock-infected No i.c. PPS; C:  Scrapie-Infected i.c. PPS; D:  Scrapie-Infected No 
i.c. PPS.  Hippo:  Hippocampus; Thal:  Thalamus; Hypo:  Hypothalamus. 
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Table 30.  MRI Slice 5 Group x Region Comparison at 47 dpi. 

 
G s roup/Region ID p value
 Group Region 1 2 3 4 5 6 7 8 

1 Hippo  0.998 .984 1 1 <0.0010 <0.00 <0.001 <0.001
2 Co .998  1 1 1 <0.001rtex 0 <0.00 <0.001 <0.001
3 T 984 1  1 1  <0.03 hal 0. <0.00 <0.001 <0.001
4 

A 

Hypo 1    <0.001 <0.001 <0.001 <0.0011 1
5 H .0 0 0 1  61  0.997 ippo <0 01 <0.0 1 <0.0 1 <0.00 0. 1
6 C .0 0 01 1 61  0.111 ortex <0 01 <0.0 1 <0.0 <0.00 0. 1 
7 Thal <0.001 0.001 .001 .00 0.86 < <0 <0 1 1 1  
8 

B 

H .001 <0.001 0.03 .001 7  0.86  ypo <0 < <0 0.99  0.111
9 H 144 .899 1 807  0.112 ippo 0. 0 0. <0.001 <0.001 <0.001

10 C 0 47 .974 0.403  2 0.495 ortex <0. 2 0.4 0 <0.005 <0.001 <0.00
11 T .05 23 4 7 74 <0.005 9 0.959 hal 0 1 0.5  0.95  0.42 0.2 0.0
12 

C 

H 79   3 <0.001 <0.001 0.161 ypo 0. 2 1 1 0.99 <0.002
13 Hippo <0.001 <0.001 .13 <0.005 0.239 <0.001 0.074 1 0
14 Corte <0.001 0.001 .001 .001  4  1 x < <0 <0 1 0.23 0.99
15 Thal <0.001 0.001 .015 .001  1 < <0 <0 1 0.251 0.959 
16 

D

H .001 0.015 .399 .03 59 1  0.998 

 

ypo <0 < 0 <0 0.3 <0.00 0.117
 

 Group Region 10  2 3 4  16 9 11 1 1 1 15
1 H .14 0 1 2 1 <0.001 <0.001 <0.001ippo 0 4 <0. 2 0.05  0.79  <0.00
2 C 89 47 3 01 <0.001 <0.001 <0.015ortex 0. 9 0.4  0.52  1 <0.0
3 Thal 1 0.974 0.954 1   0.399 0.13 <0.001 <0.015
4 

A 

H .807 .403 .427 993 <0.001 <0.03 ypo 0 0 0 0. <0.005 <0.001
5 H .001 0.005 .274 <0.002 39   0.359 ippo <0 < 0 0.2 1 1
6 C 0 01 .005 <0.001 <0.001 34 0 1 <0.001ortex <0.0 1 <0.0 <0 0.2 .25
7 T .0 0 9 <0.001 74 99 0 9 0.117 hal <0 01 <0.0 2 0.0 0.0 0. .95
8 

B 

H 11 95 9 161 0.998 ypo 0. 2 0.4  0.95 0. 1 1 1 
9 Hippo  1 1 1 0.414 <0.001 <0.05 0.853 

10 Cortex 1  1 1 0.922 <0.025 0.297 0.997 
11 Thal 1 1  0.999 1 0.512 0.884 1 
12 Hypo 1 1 0.999  0.486 <0.01 0.086 0.807 

C 

13 Hippo 0.414 0.922 1 0.486  0.617 0.992 1 
14 Cortex <0.001 <0.025 0.512 <0.01 0.617  1 0.688 
15 Thal <0.05 0.297 0.884 0.086 0.992 1  0.984 
16 

D 

Hypo 0.853 0.997 1 0.807 1 0.688 0.984  
Statistically significant results indicated in black.  A:  Mock-infected i.c. PPS; B:  
Mock-infected No i.c. PPS; C:  Scrapie-Infected i.c. PPS; D:  Scrapie-Infected No 
i.c. PPS.  Hippo:  Hippocampus; Thal:  Thalamus; Hypo:  Hypothalamus. 
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Table 31.  MRI Slice 5 Group x Region Comparison at 61 dpi. 

 
G s roup/Region ID p value
 Group Region 1 2 3 4 5 6 7 8 

1 Hippo  0.99 98 1 1 <0.037 0.9 1 <0.001 <0.00  <0.00
2 C 1 1 5 1  0.57 ortex 0.997  <0.0  <0.00  <0.05
3 Thal 0.998 1  1 1  0.9420.47  0.056 0.379
4 

A 

Hypo 1 1  0.05 <0.001 3 0.3291  <  <0.0
5 H 0.0 . 7 5 .991 1 1 ippo < 01 <0 05 0.4 1 <0.0   0
6 C 0.0 .0 5 01 1  1 0.854ortex < 01 <0 01 0.0 6 <0.0 0.99
7 Thal <0.0 .05 .03 0.99901 <0  0.379 <0  1 1  
8 

B 

H 0. .57 0.942 9  9  ypo < 03 0 0.32  1 0.854 0.99
9 H .99 1   5 1 3 0.627ippo 0 5 1 1 <0.0  <0.00  0.05

10 Cortex 0.6 1  4   5 0.99519 1 0.96  0.61 <0.05 0.52
11 T .9 1  7 2 235 37 0.998hal 0 41  1 0.99 0.84 0. 0.7
12 

C 

H 1 1  136 1 11 0.66 ypo 1 1 0. <0.0 0.1
13 Hippo 0.444 0.999 1 0.951 0.171 <0.002 0.199 0.96 
14 Cortex <0.015 0.58 353 88 41 56 1 0.971 0. 0.9 0.2 0.9

Thal 0.06 .7 84 9 9  1 4 0 7 0.9 0.4  0.9915  0.647 0.992
16 

D 

H .675 1  4 4  0.992ypo 0  1 0.97  0.54  <0.05 0.468
 

 Group 9 0 1    5 16 Region  1  1 12 13 14 1
1 H .9 6 41 4 .015 4 0.675ippo 0 95 0. 19 0.9 1 0.44 <0  0.06
2 C 1 1  9 .58 77 1 ortex 1 1 0.99 0 0.
3 Thal 1 1   1 1 1 1 0.971 0.984
4 

A 

H 1 0.964 0.997 1 951   0.974ypo 0.  0.353 0.49
5 H 0.0 .61 .136 171 0.988 9 0.544ippo < 5 0 0.842 0 0. 0.99
6 Cortex <0.0 .05 .01 .00  7 <0.0501 <0  0.235 <0 <0 2 0.241 0.64
7 T .0 5 37 1 9 0.956 92 0.468hal 0 53 0. 25 0.7 0.11  0.19 0.9
8 

B 

H .627 0.99 98 6  1 1 0.992ypo 0 5 0.9 0.6 0.96
9 Hippo  1 1 1 1 0.645 0.816 1 

10 Cortex 1  1 0.999 1 0.999 1 1 
11 Thal 1 1  1 1 1 1 1 
12 

C 

Hypo 1 0.999 1  0.998 0.717 0.812 0.999
13 Hippo 1 1 1 0.998  0.976 0.995 1 
14 Cortex 0.645 0.999 1 0.717 0.976  1 0.998
15 Thal 0.816 1 1 0.812 0.995 1  0.999
16 

D 

Hypo 1 1 1 0.999 1 0.998 0.999  
Statistically significant results indicated in black.  A:  Mock-infected i.c. PPS; B:  
Mock-infected No i.c. PPS; C:  Scrapie-Infected i.c. PPS; D:  Scrapie-Infected No 
i.c. PPS.  Hippo:  Hippocampus; Thal:  Thalamus; Hypo:  Hypothalamus. 
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Table 32.  MRI Slice 5 Group x Region Comparison at 75 dpi. 

 
Gr s oup/Region ID p value
 Group Region 1 2 3 4 5 6 7 8 

1 H 1 1 1 1 <0.005ippo  <0.00 <0.001 <0.001
2 Co 1  1 1 1 <0.001 <0.001 <0.05 rtex <0.00
3 T 1 1  1 5 1  0.644 hal <0.0 <0.00 <0.03
4 

A 

Hypo 1 <0.005 0.074 1 1  <0.001 <0.002
5 Hippo <0.001 <0.00 5 05  1 1 1 1 <0.0  <0.0
6 Co .00 01 1 <0.001 1  1 1 rtex <0 1 <0.0 <0.00
7 Thal <0.001 .001 .03 .002 1 <0 <0 <0 1 1  
8 

B 

Hypo <0.00 5 644 074 1 1 1  5 <0.0 0. 0.
9 H 1 1 1 1 1  0.759 1 ippo <0.03

10 C 01 0.05 802 096 1 1 ortex <0. < 0. 0.  1 1 
11 T 53 1 1 1 1 1 hal 0. 7 1 1 
12 

C 

H 1 1 1 1 1 63  1 ypo 0.3 1
13 Hippo 1 1 1 1 <0.03 <0.001 <0.03 1 
14 Cortex 0.156 0.968 1 1 36 05 8 1  0.9 <0.0 0.53
15 Thal 1 1 1 968 1 1 0.  <0.015 0.486 
16 

D

H 1 1 1 1 057 <0.001 < 05 1 

 

ypo 0. 0.
 

 Group Region   1 2  4  16 9 10 1 1 13 1 15
1 Hi 1  7  56  1 ppo .01 0.53  1 1 0.1 1
2 Co 1 5 1 1 68  1 rtex <0.0 1 0.9 1
3 Thal 1 1 1 1 1 1 1 0.802 
4 

A 

H 1 .096 1 1 1 1 1 1 ypo 0
5 H 1 1 1 1 .03 36 0 68 0.057 ippo <0 0.9 .9
6 C 03 1 1 363 <0.001 5 < 15 <0.001ortex <0. 0. <0.00 0.0
7 T 759 1 1 1 3 0.538 0.486 <0.05 hal 0. <0.0
8 

B 

H 1 1 1 1 1 1 1 1 ypo 
9 Hippo  1 1 1 1 1 1 1 

10 Cortex 1  1 1 1 1 1 1 
11 Thal 1 1  1 1 1 1 1 

C 

12 Hypo 1 1 1  1 1 1 1 
13 Hippo 1 1 1 1  1 1 1 
14 Cortex 1 1 1 1 1  1 1 
15 Thal 1 1 1 1 1 1  1 
16 

D 

Hypo 1 1 1 1 1 1 1  
Statistically significant results indicated in black.  A:  Mock-infected i.c. PPS; B:  
Mock-infected No i.c. PPS; C:  Scrapie-Infected i.c. PPS; D:  Scrapie-Infected No 
i.c. PPS.  Hippo:  Hippocampus; Thal:  Thalamus; Hypo:  Hypothalamus. 
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Table 33.  MRI Slice 5 Group x Region Comparison at 89 dpi. 

 
Group/Region ID s p value
 Group Region 1 2 3 4 5 6 7 8 

1 Hippo  1 1 1 0 1 <0.05<0.0 1 <0.001 <0.00
2 C 1  1 1 0 2 0.295ortex <0.0 5 <0.001 <0.00
3 T 1 1  1 01 5 2 1 hal 0.4  <0.01  0.12
4 

A 

  0.03 <0.001 .01 0.52 Hypo 1 1 1 < <0
5 H 0.0 0 0 03  1 1 1 ippo < 01 <0. 05 0.4 1 <0.
6 C .0 0 1 01 1  1 1 ortex <0 01 <0. 01 <0.0 5 <0.0
7 Thal <0.001 0.002 0.01  1  < 0.122 <  1 1  
8 

B 

H 0. 9  .52 1 1 1  ypo < 05 0.2 5 1 0
9 H .17 67 1 1 1 1 1 1 ippo 0 1 0.9

10 Cortex <0.01 0.05 1 0.118 1 1 1 < 1 
11 T .9 1 1 1 1 1 hal 0 68 1 1 

C 

H 1 1 1 1 1 1 1 1 ypo 12 
13 Hippo 0.055 0.327 1 0.47 1 1 1 1 
14 Corte <0.001 0.001 0.05 .002 1 1 1 x  < < <0 1 
15 Thal 0.107 .41  35 1 1 0 6 1 0.4 1 1 
16 

D 

H 1 1 1 1 1  1 ypo 1 1
 

 Group Region  0 11 12  14 16 9 1 13 15 
1 H .1 .01 .968 1 5 01 7 1 ippo 0 71 <0 0 0.05 <0.0  0.10
2 C .9 .05 1 1 7 <0.001 16 1 ortex 0 67 <0 0.32 0.4
3 Thal 1 1 1 1 1 .05 1 1 <0
4 

A 

H 1 0.118 1 1 7 .002 35 1 ypo 0.4 <0 0.4
5 H 1 1 1 1 1 1 1 1 ippo 
6 Cortex 1 1 1 1 1 1 1 1 
7 T 1 1 1 1 1 1 1 1 hal 
8 

B 

H 1 1 1 1 1 1 1 1 ypo 
9 Hippo  1 1 1 1 1 1 1 

10 Cortex 1  1 1 1 1 1 1 
11 Thal 1 1  1 1 1 1 1 
12 Hypo 1 1 1  1 1 1 1 

C 

13 Hippo 1 1 1 1  1 1 1 
14 Cortex 1 1 1 1 1  1 1 
15 Thal 1 1 1 1 1 1  1 
16 

D 

Hypo 1 1 1 1 1 1 1  
Statistically significant results indicated in black.  A:  Mock-infected i.c. PPS; B:  
Mock-infected No i.c. PPS; C:  Scrapie-Infected i.c. PPS; D:  Scrapie-Infected No 
i.c. PPS.  Hippo:  Hippocampus; Thal:  Thalamus; Hypo:  Hypothalamus. 
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Table 34.  MRI Slice 5 Group x Region Comparison at 103 dpi. 

 
Group/Region ID p values 
 Group Region 1 2 3 4   5 6

1 H 1 1  ippo  0.995 0.975 <0.00 <0.001
2 Co 995  1 99 5  rtex 0. 0.9  <0.00 <0.001
3 T 975 1  0.994   hal 0. 0.242 <0.025
4 

A 

Hypo 1 4 <0.005 <0.001 0.999 0.99   
5 Hi .0 0 2 5 0 52 ppo <0 01 <0.0 5 0.24  <0.00  .9
6 C .0 0 25 1ortex <0 01 <0.0 1 <0.0 <0.00 0.952  
7 Thal <0.00 01 054 87 1 <0.0 0. <0.001 0.9 1 
8 

B 

H .0 3 5 5  0 1 ypo <0 01 <0.0  0.36  <0.01 1 .99
9 H .0 01 05ippo <0 01 <0.0 <0.0 <0.001 0.209 0.694 

10 C 01 .001 .001 <0.001  ortex <0.0 <0 <0 <0.05 0.255 
11 T .0 15 3 5hal <0 02 <0.0 0.05  <0.00 0.685 0.951 
12 

C 

H .0 1 74 4 0 9 ypo <0 1 0.05 0.1 <0.025 0.9 .99
 

 Gro p Region 7 8 9   u 10 11 12
1 H 0 0 0 1 <0.002ippo <0.0 1 <0.0 1 <0.0 1 <0.00 <0.01 
2 Co .001 0.03 01 1 <0.015  rtex <0 <  <0.0 <0.00 0.051
3 T 053 .365 05hal 0. 0  <0.0 <0.001 0.053 0.174 

A 

01 .015 .001 5 <0.025 Hypo <0.0 <04 <0 <0.001 <0.00
5 Hi 98  209 .05  4 ppo 0. 7 1 0. <0  0.685 0.9
6 C 1 1 694 55  0.999 ortex 0.99 0. 0.2 0.951
7 Thal  0.997 787 64 65 0.999 0. 0.3 0.9
8 

B 

H 997  .306 73 39 0 6 ypo 0. 0 0.0 0.7 .95
9 H 787 .306  1   ippo 0. 0 1 1

10 C 64 .073 1  1 0.999 ortex 0.3 0
11 T 965 .739 1 1 hal 0. 0  1 
12 

C 

H 999 .956 1 99  ypo 0. 0 0.9 1  
Statistically significant results indicated in black.  A:  Mock-infected
Mock-infected No i.c. PPS; C:  Scrapie-Infected i.c. PPS.  Hippo
Thal:  Thalamus; Hypo:  Hypothalamus. 

 i.c. PPS; B:  
:  Hippocampus; 
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Table 35.  MRI Slice 5 Group x Region Comparison at 117 dpi. 

 
G proup/Region ID  values 
 Group Region 1 2 3 4 5 6 

1 Hippo  1 82  1  0.8  1 <0.00 <0.001
2 C 1  0.997 1 1  ortex <0.00 <0.001
3 Thal 0.88 97  .945 5  2 0.9 0  <0.0  <0.002
4 

A 

Hypo 1 1 4 <0.001 1  0.9   <0.00
5 H 0. 0 0 01 0 87 ippo < 001 <0. 01 <0. 5 <0.0  .8
6 C 0. 00 0 01 7  ortex < 001 <0. 1 <0.0 2 <0.0 0.88
7 Thal <0. 0 0 0 4 001 <0. 01 <0.0 2 <0.0 1 0.71 1 
8 

B 

H 0. 0 7 0  ypo < 001 <0. 01 0.0 5 <0.0 1 1 0.985
9 Hippo <0. 0 0 01 8  001 <0. 01 <0.0 1 <0.0 0.18 0.735

10 Cortex <0.001 <0.001 <0.001 <0.001 <0.01 0.082 
Thal <0.001 0.015 .001 659 0.961 <0.001 < <011 0.

12 

 

. 0 0 0 5 0.991 

C

Hypo <0 001 <0. 02 <0. 3 <0.0 1 0.81
 

 Group R 7 8   12 egion   9 10 11 
1 Hippo <0.0 0 0 01 1 <0.001 01 <0. 01 <0.0 1 <0.0 <0.00
2 C 0.001 0.00 0 01 1 <0.002 ortex <  < 1 <0.0 1 <0.0 <0.00
3 Thal <0.002 0.075 00 01 5 <0.03   <0. 1 <0.0 <0.01
4 

A 

Hypo <0.0 .001 0.00 01 1 <0.001 01 <0 < 1 <0.0 <0.00
5 H 0.714 1 0.188 659 0.815 ippo <0.01 0.
6 C 1 8 35 .082 .961 0.991 ortex  0.9 5 0.7 0 0
7 Thal  0.903 0.955 0.307 0.996 1 
8 

B 

Hypo 0.903  0.313 <0.02 0.743 0.873 
9 Hippo 0.955 0.313  0.999 1 1 

10 Cortex 0.307 <0.02 0.999  1 1 
11 Thal 0.996 0.743 1 1  1 
12 

C 

Hypo 1 0.873 1 0.998 1  
Statistically significant results indicated in black.  A:  Mock-infected i.c. PPS; B:  
Mock-infected No i.c. PPS; C:  Scrapie-Infected i.c. PPS.  Hippo:  Hippocampus; 
Thal:  Thalamus; Hypo:  Hypothalamus. 
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Table 36.  MRI Slice 7 Group x Region Comparison at 19 dpi. 

 
Group/Region ID lues p va

 Group  1  6 Region 2 3 4 5 
1 Ventricles  0.068 0.921 0.973 0.234 <0.05 
2 Cortex 1  0.978 0.92 1 1 0.983 
3 

A 
 3  0.999 Septum 0.97 1  1 0.999 

4 Ventricles 4 0.997  0.23 1 1  0.998 
5 Cortex 5 1 <0.0  0.983 0.999 0.998  
6 

B 
 8  Septum 0.06  0.978 0.999 0.997 1 

7 Ventricles 8 0  0.683  0.99 1 1 0.956 .67
8 Cortex 7 1 0.16  0.984 0.998 0.999 1 
9 

C 
  1 Septum 0.56 0.999 1 1 1 

10 Ventricles <0.005 0.635 0.951 0.411 0.969 0.999 
11 Cortex <0.001 .05 0.408 <0.001 <0.025 0.249 <0
12 

D 
 1 0.25 0.622 Septum <0.00 0.127 0.571 <0.025

 
  11 12  7 8 9 10 

Ventricles 8 < <0.001 <0.001 0.991 0.167 0.56 0.005
2 Cortex 1 0.984 <0.05 0.127 0.999 0.635 
3 

A 
 1 98 0.408 0.571 Septum 0.9 1 0.951 

4 Ventricles 56 0 999 <0.001 <0.025 0.9 . 1 0.411 
5 Cortex   0.969 <0.025 0.25 0.67 1 1
6 

B 
 3 0.999 0.2 0.622 Septum 0.68 1 1 

7 Ventricles  0.786 0.965 0.159 <0.005 <0.015 
8 Cortex 0.786  1 1 0.858 0.957 
9 

C 
Septum 0.965 1  1 0.96 0.986 

10 Ventricles 0.159 1 1  0.551 0.927 
11 Cortex <0.005 0.858 0.96 0.551  1 
12 

D 
 Septum <0.015 0.957 0.986 0.927 1 

Statistically significant results indicated in black.  A:  Mock-infected i.c. PPS; B:  
Mock-infected No i.c. PPS; C:  Scrapie-Infe PPS; D:  Scrapie-Infected No 
i.c. PPS.   

cted i.c. 
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Table 37.  MRI Slice 7 Group x Region Comparison at 33 dpi. 

 
Group/Region ID p values 

 Group Region 1 2 3 4 5 6 
1 Ventricles  1 1 <0.001 <0.001 <0.001 
2 Cortex 1  1 <0.015 <0.001 <0.001 
3

A 
 Septum 1 1  0.185 <0.002 <0.02 

4 Ventricles <0.001 <0.  1 1 015 0.185 
5 Cortex <0.001 <0. 1  1 001 <0.002
6 

B 
Septum <0.001 <0.001 <0.02 1 1  

7 Ventricles 1 1 1 <0.001 <0.001 <0.001 
8 Cortex 1 1 1 0.088 <0.001 <0.01 
9 

C 
Septum 1 1 1 1 <0.025 0.167 

10 Ventricles 0.297 1 1 1 <0.005 0.24 
11 Cortex <0.001 <0.01 0.142 1 1 1 
12 

D 
Septum <0.015 0.127 0.57 1 1 1 

 
   7 8 9 10 11 12 

1 Ventricles 1 1 1 0.297 <0.001 <0.015 
2 Cortex 1 1 1 1 <0.01 0.127 
3 

A 
Septum 1 1 1 1 0.142 0.57 

4 Ventricles <0.001 0.088 1 1 1 1 
5 Cortex <0.001 <0.001 <0.025 <0.005 1 1 
6 

B 
Septum <0.001 <0.01 0.167 0.24 1 1 

7 Ventricles  1 1 0.187 <0.001 <0.01 
8 Cortex 1  1 1 0.062 0.528 
9 

C 
Septum 1 1  1 1 1 

10 Ventricles 0.187 1 1  1 1 
11 Cortex <0.001 0.062 1 1  1 
12 

D 
Septum <0.01 0.528 1 1 1  

Statistically significant results indicated in black.  A:  Mock-infected i.c. PPS; B:  
Mock-infected No i.c. PPS; C:  Scrapie-Infected i.c. PPS; D:  Scrapie-Infected No 
i.c. PPS.   
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Table 38.  MRI Slice 7 Group x Region Comparison at 47 dpi. 

 
Group/Region ID p values 

 Group Region 1 2 3 4 5 6 
1 Ventricles  0.256 0.547 <0.001 <0.001 <0.001 
2 Cortex 0.256  1 <0.001 <0.001 <0.001 
3 

A 
Septum 0.547 1  <0.015 <0.001 <0.005 

4 Ventricles <0.001 <0.001 <0.015  0.596 0.999 
5 Cortex <0.001 <0.001 <0.001 0.596  1 
6 

B 
Septum <0.001 <0.001 <0.005 0.999 1  

7 Ventricles 0.426 1 1 <0.001 <0.001 <0.001 
8 Cortex <0.001 0.644 0.892 0.378 <0.002 0.136 
9 

C 
Septum <0.01 0.877 0.96 0.759 0.052 0.415 

10 Ventricles <0.001 0.281 0.719 0.208 <0.001 0.07 
11 Cortex <0.001 <0.001 <0.001 0.92 1 1 
12 

D 
Septum <0.001 <0.001 <0.01 1 0.989 1 

 
   7 8 9 10 11 12 

1 Ventricles 0.426 <0.001 <0.01 <0.001 <0.001 <0.001 
2 Cortex 1 0.644 0.877 0.281 <0.001 <0.001 
3 

A 
Septum 1 0.892 0.96 0.719 <0.001 <0.01 

4 Ventricles <0.001 0.378 0.759 0.208 0.92 1 
5 Cortex <0.001 <0.002 0.052 <0.001 1 0.989 
6 

B 
Septum <0.001 0.136 0.415 0.07 1 1 

7 Ventricles  0.446 0.757 0.137 <0.001 <0.001 
8 Cortex 0.446  1 1 <0.015 0.291 
9 

C 
Septum 0.757 1  1 0.143 0.611 

10 Ventricles 0.137 1 1  <0.002 0.191 
11 Cortex <0.001 <0.015 0.143 <0.002  1 
12 

D 
Septum <0.001 0.291 0.611 0.191 1  

Statistically significant results indicated in black.  A:  Mock-infected i.c. PPS; B:  
Mock-infected No i.c. PPS; C:  Scrapie-Infected i.c. PPS; D:  Scrapie-Infected No 
i.c. PPS.   
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Table 39.  MRI Slice 7 Group x Region Comparison at 61 dpi. 

 
Group/Region ID p values 

 Group Region 1 2 3 4 5 6 
1 Ventricles  1 1 <0.001 <0.001 <0.001 
2 Cortex 1  1 <0.025 <0.001 0.051 
3 

A 
Septum 1 1  0.325 <0.05 0.363 

4 Ventricles <0.001 <0.025 .325  1 1 0
5 Cortex <0.001 <0.001 0.05 1  1 <
6 

B 
Septum <0.001 0.051 0.363 1 1  

7 Ventricles 1 1 1 0.053 <0.005 0.105 
8 Cortex 0.273 1 1 1 0.156 1 
9 Septum 1 1 1 1 0.936 1 

C 

10 Ventricles 1 1 1 <0.005 <0.001 <0.025 
11 Cortex <0.001 0.98 1 1 1 1 
12 

D 
Septum <0.025 1 1 1 1 1 

 
   7 8 9 10 11 12 

1 Ventricles 1 0.273 1 1 <0.001 <0.025 
2 Cortex 1 1 1 1 0.98 1 
3 

A 
Septum 1 1 1 1 1 1 

4 Ventricles 0.053 1 1 <0.005 1 1 
5 Cortex <0.005 0.156 0.936 <0.001 1 1 
6 

B 
Septum 0.105 1 1 <0.025 1 1 

7 Ventricles  1 1 1 1 1 
8 Cortex 1  1 1 1 1 
9 

C 
Septum 1 1  1 1 1 

10 Ventricles 1 1 1  0.644 1 
11 Cortex 1 1 1 0.644  1 
12 

D 
Septum 1 1 1 1 1  

Statistically significant results indicated in black.  A:  Mock-infected i.c. PPS; B:  
Mock-infected No i.c. PPS; C:  Scrapie-Infected i.c. PPS; D:  Scrapie-Infected No 
i.c. PPS.   
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Table 40.  MRI Slice 7 Group x Region Comparison at 75 dpi. 

 
Group/Region ID p values 

 Group Region 1 2 3 4 5 6 
1 Ventricles  1 1 <0.001 <0.001 <0.001 
2 Cortex 1  1 <0.005 <0.001 <0.001 
3 

A 
Septum 1 1  0.32 <0.005 0.051 

4 Ventricles <0.001 <0.005 0.32  1 1 
5 Cortex <0.001 <0.001 <0.005 1  1 
6 

B 
Septum <0.001 <0.001 0.051 1 1  

7 Ventricles 1 1 1 0.176 <0.001 <0.025 
8 Cortex <0.002 0.133 1 1 1 1 
9 

C 
Septum 0.076 1 1 1 1 1 

10 Ventricles 1 1 1 <0.02 <0.001 <0.005 
11 Cortex <0.002 0.188 1 1 0.11 1 
12 

D 
Septum <0.02 0.76 1 1 0.559 1 

 
   7 8 9 10 11 12 

1 Ventricles 1 <0.002 0.076 1 <0.002 <0.02 
2 Cortex 1 0.133 1 1 0.188 0.76 
3 

A 
Septum 1 1 1 1 1 1 

4 Ventricles 0.176 1 1 <0.02 1 1 
5 Cortex <0.001 1 1 <0.001 0.11 0.559 
6 

B 
Septum <0.025 1 1 <0.005 1 1 

7 Ventricles  1 1 1 1 1 
8 Cortex 1  1 0.613 1 1 
9 

C 
Septum 1 1  1 1 1 

10 Ventricles 1 0.613 1  0.883 1 
11 Cortex 1 1 1 0.883  1 
12 

D 
Septum 1 1 1 1 1  

Statistically significant results indicated in black.  A:  Mock-infected 
i.c. PPS; B:  Mock-infected No i.c. PPS; C:  Scrapie-Infected i.c. 
PPS; D:  Scrapie-Infected No i.c. PPS.   
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Table 41.  MRI Slice 7 Group x Region Comparison at 89 dpi. 

 
Group/Region ID p values 

 Group Region 1 2 3 4 5 6 
1 Ventricles  1 1 <0.001 <0.001 <0.001 
2 Cortex 1  1 <0.002 <0.001 <0.001 
3 

A 
Septum 1 1  0.119 <0.005 <0.02 

4 Ventricles <0.001 <0.002 0.119  1 1 
5 Cortex <0.001 <0.001 <0.005 1  1 
6 

B 
Septum <0.001 <0.001 <0.02 1 1  

7 Ventricles 0.31 1 1 1 0.121 0.613 
8 Cortex <0.001 <0.02 0.274 1 1 1 
9 

C 
Septum <0.025 0.371 1 1 1 1 

10 Ventricles 1 1 1 0.929 <0.025 0.145 
11 Cortex <0.002 0.078 0.598 1 1 1 
12 

D 
Septum 0.072 0.79 1 1 1 1 

 
   7 8 9 10 11 12 

1 Ventricles 0.31 <0.001 <0.025 1 <0.002 0.072 
2 Cortex 1 <0.02 0.371 1 0.078 0.79 
3 

A 
Septum 1 0.274 1 1 0.598 1 

4 Ventricles 1 1 1 0.929 1 1 
5 Cortex 0.121 1 1 <0.025 1 1 
6 

B 
Septum 0.613 1 1 0.145 1 1 

7 Ventricles  1 1 1 1 1 
8 Cortex 1  1 1 1 1 
9 

C 
Septum 1 1  1 1 1 

10 Ventricles 1 1 1  1 1 
11 Cortex 1 1 1 1  1 
12 

D 
Septum 1 1 1 1 1  

Statistically significant results indicated in black.  A:  Mock-infected 
i.c. PPS; B:  Mock-infected No i.c. PPS; C:  Scrapie-Infected i.c. 
PPS; D:  Scrapie-Infected No i.c. PPS.   
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Table 42.  MRI Slice 7 Group x Region Comparison at 103 dpi. 

 
Group/Region ID p values 

 Group Region 1 2 3 4 5 
1 Ventricles  0.776 0.916 <0.01 <0.001 
2 Cortex 0.776  1 0.591 <0.001 
3 

A 
Septum 0.916 1  0.851 <0.025 

4 Ventricles <0.01 0.591 0.851  0.068 
5 Cortex <0.001 <0.001 <0.025 0.068  
6 

B 
Septum <0.001 <0.02 0.109 0.466 1 

7 Ventricles <0.001 <0.001 <0.002 <0.005 0.335 
8 Cortex <0.001 <0.001 <0.001 <0.001 <0.001 
9 

C 
Septum <0.001 <0.001 <0.002 <0.01 0.171 

 
   6 7 8 9 

1 Ventricles <0.001 <0.001 <0.001 <0.001
2 Cortex <0.02 <0.001 <0.001 <0.001
3 

A 
Septum 0.109 <0.002 <0.001 <0.002

4 Ventricles 0.466 <0.005 <0.001 <0.01 
5 Cortex 1 0.335 <0.001 0.171 
6 

B 
Septum  0.29 <0.001 0.144 

7 Ventricles 0.29  0.738 0.996 
8 Cortex <0.001 0.738  1 
9 

C 
Septum 0.144 0.996 1   

Statistically significant results indicated in black.  A:  Mock-
infected i.c. PPS; B:  Mock-infected No i.c. PPS; C:  Scrapie-
Infected i.c. PPS.   
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Table 43.  MRI Slice 7 Group x Region Comparison at 117 dpi. 

 
Group/Region ID p values 

 Group Region 1 2 3 4 5 
1 Ventricles  <0.001 <0.001 <0.001 <0.001 
2 Cortex <0.001  1 0.988 <0.002 
3 

A 
Septum <0.001 1  1 0.119 

4 Ventricles <0.001 0.988 1  <0.005 
5 Cortex <0.001 <0.002 0.119 <0.005  
6 

B 
Septum <0.001 <0.015 0.24 <0.05 1 

7 Ventricles <0.001 0.441 0.834 0.761 1 
8 Cortex <0.001 <0.005 0.055 <0.015 0.909 
9 

C 
Septum <0.001 <0.05 0.172 0.117 0.953 

 
   6 7 8 9 

1 Ventricles <0.001 <0.001 <0.001 <0.001
2 Cortex <0.015 0.441 <0.005 <0.05 
3 

A 
Septum 0.24 0.834 0.055 0.172 

4 Ventricles <0.05 0.761 <0.015 0.117 
5 Cortex 1 1 0.909 0.953 
6 

B 
Septum  1 0.917 0.952 

7 Ventricles 1  0.868 0.905 
8 Cortex 0.917 0.868  1 
9 

C 
Septum 0.952 0.905 1   

Statistically significant results indicated in black.  A:  Mock-
infected i.c. PPS; B:  Mock-infected No i.c. PPS; C:  Scrapie-
Infected i.c. PPS.   
 
 

Table 44.  MRI Slice 7 Group x Region Comparison at 131 dpi. 
 

Group/Region ID p values 
 Group Region 1 2 3 4 5 6 

1 Ventricles  <0.001 <0.002 0.334 <0.001 <0.001 
2 Cortex <0.001  1 <0.01 1 1 
3 

A 
Septum <0.002 1  <0.05 1 1 

4 Ventricles 0.334 <0.01 <0.05  <0.001 <0.01 
5 Cortex <0.001 1 1 <0.001  1 
6 

B 
Septum <0.001 1 1 <0.01 1  

Statistically significant results indicated in black.  A:  Mock-infected 
i.c. PPS; B:  Mock-infected No i.c. PPS.   
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Appendix 3 – Certificate of Permission to Use Copyrighted 
Material 
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Appendix 4 – Certificate of Analysis of Pentosan 
Polysulphate 
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Appendix 5 – Full Size Images of Hamster Histology 
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 The enclosed CD contains un-cropped, full size, un-cropped, images 

corresponding to those that may be found in Figure 16.  The images were 

collected as described in the Materials and Methods section, with Leica FireCam 

1.2.0 software and a Leica DMLD light microscope fitted with a DFC digital 

camera.  The resulting TIF files may be viewed with any image viewing software.  

These images are only examples of the images that were evaluated; in each 

region of interest in each hamster, a number of images were collected and 

evaluated.  The naming system of the files is self-explanatory.  Briefly, files are 

named according to control or scrapie-infected hamster; then brain region; and 

finally staining (either H and E, for Haematoxylin and Eosin; GFAP for evaluation 

of gliosis; or PrP, for evaluation of PrPP

Sc
P deposition).  The following is a complete 

list of image files on the CD: 

• Control Cortex GFAP 

• Control Cortex H and E 

• Control Cortex PrP 

• Control Hippocampus GFAP 

• Control Hippocampus H and E 

• Control Hippocampus PrP 

• Control Hypothalamus GFAP 

• Control Hypothalamus H and E 

• Control Hypothalamus PrP 

• Control Thalamus GFAP 

• Control Thalamus H and E 
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• Control Thalamus PrP 

• Scrapie Cortex GFAP 

• Scrapie Cortex H and E 

• Scrapie Cortex PrP 

• Scrapie Hippocampus GFAP 

• Scrapie Hippocampus H and E 

• Scrapie Hippocampus PrP 

• Scrapie Hypothalamus GFAP 

• Scrapie Hypothalamus H and E 

• Scrapie Hypothalamus PrP 

• Scrapie Thalamus GFAP 

• Scrapie Thalamus H and E 

• Scrapie Thalamus PrP 
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