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ABSTRACT 

 Transmissible spongiform encephalopathies (TSEs) are a group of neurodegenerative 

diseases occurring in humans, cattle, and sheep. Conversion of the normal, host-encoded 

cellular prion protein (PrPC) to a misfolded, disease-associated isoform (PrPD) is the causative 

agent. Classical scrapie is the oldest described TSE, whereas atypical scrapie is more recent, 

but there are reported cases of both in Europe, US, and Canada. Globally, extensive eradication 

programs use passive and active surveillance in an effort to control and eliminate these 

diseases, as they are devastating economically and financially. Although surveillance has been 

effective in identification of affected animals, and the total number of scrapie cases has 

diminished, factors that contribute to prion permissibility and rate of prion accumulation remain 

unknown. Additionally, these factors could be extrapolated to human TSEs, providing the basis 

for development of a human cell culture system. Using immortalized ovine microglia clones, 6 

genes with functions in apoptosis (survivin; follistatin-like 1), cell proliferation (osteonectin), 

efferocytosis (AXL tyrosine kinase inhibitor), cell-to-cell and cell-extracellular matrix adhesions 

(syndecan 4), and extracellular remodeling and repair (fibronectin 1) were studied for potential 

correlations with prion permissibility. Furthermore, expression of these genes relative to PRNP 

expression was evaluated. Transcript levels for matrix metalloproteinase 2 (MMP2) were also 

assessed to determine if expression was influenced by permissibility phenotype, or rate of prion 



 

 

accumulation. To study an animal prion disease that mirrors the human condition in length of 

incubation period and slow rate of prion accumulation, PrPSc pattern and localization was 

characterized in 4 sheep experimentally infected with a natural North American atypical scrapie 

isolate.  

 Fibronectin 1 and survivin were strongly and negatively correlated with prion 

permissibility when evaluated relative to PRNP, and significant differential expression of 

survivin, osteonectin and follistatin-like 1 was between intermediately and poorly-permissive 

clones. Matrix metalloproteinase II transcript levels were significantly decreased in 

intermediately-permissive clones, and in cells with a fast rate of prion accumulation. In the 

atypical scrapie cases, PrPSc pattern and localization was similar to previously reported 

European pathotypes. These findings suggest potential determinants of prion permissibility 

exist, but further studies are needed to solidify these results. 
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             CHAPTER 1    INTRODUCTION 

 

Transmissible Spongiform Encephalopathies (TSEs) are a group of progressive, 

permanent neurodegenerative diseases that affect multiple animal species, including: humans 

(Creutzfeldt-Jakob disease), sheep and goats (classical and atypical scrapie), cattle (bovine 

spongiform encephalopathy/BSE), cervids (chronic wasting disease/CWD), mink (mink 

spongiform encephalopathy/MSE), and a spectrum of other host species [1-4]. Conversion of 

the normal, host-encoded, cellular prion protein (PrPC) to its abnormal, misfolded, disease-

associated isoform (PrPSc; Sc for scrapie) is the mechanism for infection [3, 5]. In natural 

conditions, incubation periods are lengthy, and PrPSc deposition and accumulation ultimately 

occurs in the brain. Prion accumulation coupled with the host immune response (i.e., gliosis), 

typically precedes clinical signs of neurological impairment and derangement, as well as 

morphological evidence of neuronal and/or neuropil damage [6, 7].  

 Classical and atypical scrapie are variants of transmissible spongiform encephalopathy 

(TSE) affecting sheep and goats. Although both result in neurodegeneration and death, these 

diseases differ in clinical presentation, age of onset, genetic susceptibility, glycosylation 

features, rate of incubation period, and neuroanatomical distribution and pattern of PrPSc, 

indicating two separate pathophysiological processes [8-11]. Since 1952 in the US (i.e., USDA, 

APHIS) [12], and 2002 in Europe (EU) [13], eradication programs have been constructed and 

implemented in an effort to control and eliminate classical scrapie for a number of reasons. 

First, classical scrapie is highly infectious [14], and if a flock were found to be infected, the 

economic losses in culling, repopulation, trade embargos, enhanced testing, legal fees and 

financial compensation would be substantial. Second, the threat of an outbreak could be 

possible, and the scope of exposure may be gravely underestimated, with the onset of long 
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incubation periods [1] in subclinical carriers. Third, although there are no reports of zoonotic 

transmission of scrapie to humans, experimentally, BSE-infected brain homogenate is 

transmissible to sheep after oral inoculation [15, 16], and the clinical and pathogenetic profiles 

of BSE and scrapie are similar [17]. This could complicate diagnosis of scrapie from BSE, or 

introduce the possibility of a dual infection. Moreover, the first recorded cases of atypical scrapie 

in 1998 from Norway (Nor98) [9], exhibited different biochemical and molecular qualities from 

classical scrapie and BSE [8], so initial concerns were that this disease could represent a 

modified variant of BSE infection in sheep. However, subsequent evidence confirmed that this 

TSE was novel, and not associated with BSE or classical scrapie [8, 9], and thereafter, 

eradication efforts have been heightened at eliminating atypical scrapie as well.  

 Albeit, active and passive surveillance of classical and atypical scrapie worldwide has 

greatly diminished the number of total cases, and prevented potential disease outbreaks, as 

well as minimized economic losses; however, there have been some challenges. In an effort to 

eradicate classical scrapie in some countries, breeding programs are being engineered to select 

for resistant genotypes (i.e., ARR) [14], some of which promote susceptibility to atypical scrapie 

(i.e., ARR). Additionally, modifications to other genes apart from PRNP have not been 

addressed for the potential control and elimination of scrapie. Moreover, in atypical scrapie, 

detection methods such as ELISA and IHC are sensitive for identifying PrPSc in the central 

nervous system, but these methods are often not as sensitive for detecting lower titers of PrPSc 

in other tissues, such as lymph nodes, skeletal muscle, and peripheral nerves [18], and 

infectivity assays are needed for confirmation. Hence, the anatomic distribution of atypical PrPSc 

could be grossly underestimated, and this limits antemortem diagnosis. Further measures, such 

as analysis of transcript levels, and evaluation of correlations between these transcript levels 

and prion permissibility in classical and atypical scrapie, could be beneficial to the control and 

eradication of these diseases. 
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Many of the prion permissibility determinants are incompletely elucidated in natural and 

experimental disease of classical and atypical scrapie. Studies have identified that expression of 

PRNP is a known requirement for prion infection (i.e., presence of PrPC) [14], and 

polymorphisms within the prion (PRNP) gene can enhance susceptibility to infection (i.e., VRQ 

in classical scrapie, ARR in atypical scrapie), but they are not sufficient for permissibility. 

Between animals, species, and prion isolates, there is great diversity in the phenotypic behavior, 

and this behavior is mimicked with varying cell culture systems derived from different species 

and different cell types [19-21]. Ultimately, however much of the cellular mechanisms that result 

in organismal and cultural diversity, are not fully known.  

Recent studies have identified that some genes are differentially transcribed or 

expressed in the presence or absence of prion infection, in ex vivo and in vivo models of 

classical scrapie. Filali et al. performed transcriptomic analysis of the medulla oblongata from 

sheep chronically infected with a natural scrapie isolate, and identified the most significant gene 

ontology term involved in extracellular region proteins, and 11 of 24 genes involved in the 

extracellular matrix were deregulated [22]. For example, microarray and qRT-PCR analysis 

identified metallothionein 2A (MT2A; metal binding protein) and glutathione peroxidase 1 (GPX-

1; oxidative stress) were significantly upregulated and positively associated with PrPSc (Sc for 

scrapie) deposition, whereas melatonin receptor 1B (MTNR1B; oxidative stress) and collagen 

alpha-2 chain (COL1A2; extracellular matrix) were significantly downregulated and negatively 

associated with PrPSc deposition [22].  The trend in expression of MTNR1B and GPX-1 have 

also been described in Alzheimer’s and Parkinson’s disease, respectively [22]. The silencing of 

genes such as fibronectin 1 (Fn1) and 3’-phosphoadenosine 5’-phosphosulphate synthase 2 

(Papss2), which both function in extracellular matrix modeling and remodeling, promoted 

conversion of murine neuroblastoma cells (N2a) from a prion-resistant to prion-susceptible 

phenotype in another study [23]. In studies evaluating gene expression and prion permissibility, 
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Munoz-Gutierrez et al. discovered in prion highly-permissive immortalized ovine microglia, 

matrix metalloproteinase 14 (MMP14), which functions in extracellular matrix remodeling, and 

decorin (DCN) which contributes to extracellular matrix assembly, were both downregulated 

[24]. Also from Munoz-Gutierrez et al., additional genes were discovered to be potentially 

upregulated or downregulated in mock and/or scrapie-inoculated, prion highly-permissive cells 

(i.e., 439) compared to poorly permissive cells (i.e., 438) [24].  

For the current studies, we hypothesize that the expression of certain genes associated 

with apoptosis (survivin/BIRC5; follistatin-like 1/FSTL-1), cell proliferation (osteonectin/SPARC); 

cell-to-cell and cell-to-ECM adhesions (syndecan 4/SDC4), efferocytosis (AXL receptor tyrosine 

kinase/AXL), and extracellular matrix remodeling and repair (fibronectin 1/FN1; matrix 

metalloproteinase-2/MMP2), correlate with prion permissibility in ovine microglia cells, under ex 

vivo conditions. The aims of the first two studies are to: (1) determine if significant differential 

expression exists for AXL, BIRC5, FN1, FSTL1, SPARC, and SDC4, among inoculated, prion 

permissive clones independently and then relative to PRNP, (2) assess if correlations between 

expression of these genes and prion permissibility are present, and (3) validate significant 

differential expression of matrix metalloproteinase-2 (MMP2) in naïve ovine microglia sublines 

and clones of defined prion permissibility (i.e. highly or poorly), or prion accumulating (i.e. slow 

or fast) phenotype. 

 Human TSEs are characterized by long incubation periods and slow accumulation of 

prions [25], and currently, no human cell culture system exists in which to study these TSE 

variants. Ultimately, the creation of a stably-infected, human cell culture system would provide 

an opportunity to study the pathophysiology, molecular and cellular aspects of human prion 

disease. Once genetic determinants of prion permissibility have been validated for classical 

scrapie using ex vivo models, coupled with evaluation of in vivo models to identify potential 

determinants in situ, these determinants could potentially be extrapolated to the study of human 

prion disease in cell culture. Thus, the first step in analysis of the in vivo/in situ model is to 
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define the distribution of PrPSc in a slow, prion-accumulating isolate (i.e., US atypical scrapie), 

and assess if differential expression exists for any of the determinants. Our aim for the third 

study is focused on protein expression using an in vivo model of atypical scrapie. Although 

vastly different from classical scrapie and not reportable at this time [26, 27], the sporadic/low 

rate of infectivity, and paucity of information detailing the epidemiologic and pathophysiologic 

mechanisms of this disease, render additional investigation into atypical scrapie a necessity. 

The aims of this study are to: (1) characterize the localization and pattern of PrPSc deposition 

and accumulation in the brain of four, ARR sheep inoculated intracranially (i.e., intracerebrally) 

with a natural North American atypical scrapie isolate, and (2) determine if this atypical scrapie 

pathotype is the same as described in other countries, is the same as described in other 

countries, particularly in Europe [8, 9, 13, 16], but also Canada [28] and Australia [29].  

Several goals can potentially be obtained from these projects to enrich the study of 

classical and atypical scrapie. First, recognizing novel or confirming predetermined genes as 

risk factors for prion permissibility, validates their utility as biomarkers of prion disease. These 

biomarkers could be used to identify at-risk animals and alter their genetic profile through 

breeding manipulation, thereby diminishing the impending spread of prion disease. 

Furthermore, at risk animals could be detected and culled before detection at slaughter or in 

fallen stock. Second, identifying abnormal intercellular and intracellular pathways coupled with 

the influence of the extracellular matrix provides more information on roles in prion disease 

pathogenesis. In this way, influential pathways could be targeted with inhibitors to impede 

propagation of prion disease. Third, knowledge of these determinants could be used to engineer 

a human cell culture system for the propagation of slowly-accumulating prions, which is the 

predominant manifestation of human prion disease. As it relates to atypical scrapie, identical or 

similar scrapie pathotypes of prion disease (i.e., US versus European) indicate some degree of 

conservation in the pathophysiological mechanism of disease, so it is possible that differentially-

expressed genes and signaling pathways in these pathotypes are also preserved. Evaluation of 
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this atypical isolate that mirrors the rate of prion accumulation and incubation period in humans, 

could contribute to advancement of this culture system.  
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          CHAPTER 2   LITERATURE REVIEW 

 

Transmissible spongiform encephalopathies (TSEs) are a group of permanent, fatal, 

neurodegenerative disorders affecting a wide spectrum of hosts including humans (Creutzfeldt-

Jakob disease [CJD], Kuru), ungulates (scrapie in sheep and goats; bovine spongiform 

encephalopathy [BSE] in cattle; chronic wasting disease [CWD] in cervids; camelids), mink 

(mink spongiform encephalopathy [MSE]), and felids (feline spongiform encephalopathy [FSE]) 

[1-4]. The term prion refers to “small, proteinaceous, infectious particles”, and the causative 

agent for TSEs involves accumulation of the misfolded, pathological isoform of normal cellular 

prion protein (PrPC), referred to as disease-associated prion protein (PrPD) [5]. PrPD is partially 

to completely resistant to degradation by proteases, ultraviolet irradiation, heat, chemical 

solvents, detergents, and formalin [5, 62]. 

PrPC is a protein encoded by the host gene PRNP, and is evolutionarily conserved 

amongst mammalian species [19, 63, 64]. Although the functions of PrPC are not completely 

elucidated, studies have suggested roles in signal transduction, cell adhesion, anti-apoptosis, 

protection against oxidative stress, and in the regulation of synapses [65-70]. PrPC is found 

predominately within lipid rafts and caveolae of the outer plasma membrane of cells, such as 

neurons, astrocytes, microglial cells, lymphocytes, follicular dendritic cells, choroid plexus 

epithelium, pericytes, and endothelial cells [19, 71-74]. This cellular protein has a secondary 

conformation consisting predominantly of α-helices with fewer β-pleated sheets [75]. According 

to the “protein-only” hypothesis introduced by Prusiner and Griffith, once PrPC becomes 

misfolded through post-translational modifications into a majority of β-pleated helical sheets, 

infectious monomers and/or oligomers of PrPD are formed that are self-perpetuating and act as 
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templates to autocatalytically convert other adjacent PrPC proteins to polymerized PrPD [19, 76-

80]. In cultured scrapie-infected cells, the conversion of PrPC to PrPSc (Sc for scrapie) is 

believed to take place not only on the cell surface but also within vesicles along the 

endolysosomal pathway [19, 81]. PrPC and PrPSc have also been observed along the surface 

and within exosomes, which are believed to contribute to dissemination of prion disease in the 

CNS and lymphoreticular system [82]. Exosomes are membrane-bound vesicles secreted into 

the extracellular environment from multiple cells, including platelets [83], adipocytes, glial and 

stem cells [84], and are also found associated with cells used in cell culture, such as Rov and 

Mov cells (ovinized RK13 [rabbit kidney epithelial cells], and murine neuroglia cells, 

respectively) [85]. Extracellular PrPSc has also been discovered particularly in infected tissues 

[86], and in vitro studies have shown that a physiological environment containing excessive 

amounts of polysaccharides and collagen enhances the conversion of PrPC to PrPSc [87]. 

Whether these various environments are solely sites of PrPSc conversion, PrPSc accumulation, 

or both remains incompletely elucidated, but it seems feasible that both processes are occurring 

to some extent. 

PrPC and PrPSc are bound to the plasma membrane by a glycosylphosphatidylinositol 

(GPI) glycoprotein anchor, embedded in lipid rafts at the C-terminal end, and this anchor has 

been proven necessary for the stable propagation of scrapie in infected cell culture models [65, 

76, 77, 88, 89]. McNally et al. discovered that scrapie-infected, anchorless (GPI-) PrPsen 

(protease-sensitive prion protein) transiently produced anchorless PrPres (protease-resistant 

prion protein) in cell culture, and it failed to transmit infection to mice [88]. However, in scrapie-

infected cell-free systems or transgenic mice, anchorless PrP can be converted stably to PrPres 

[90, 91], and in some studies, the CNS accumulation pattern of PrPres is different from the 

pattern visualized in the presence of the GPI anchor (i.e., amyloid plaques with anchorless PrP 

conversion) [91].  PrPC also has two N-linked glycosylation sites where glycans bind to 

asparagine (Asn) that is linked to N-acetylglucosamine (GlcNAc) residues, an event occurring 
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during post-translational modification [92, 93]. N-linked glycosylation can affect protein folding, 

oligomerization, stability, targeting, and recognition, and has been observed to influence the rate 

of fibril formation in PrPC [92, 93]. PrPC and PrPSc  both exist as diglycosylated, 

monoglycosylated, and unglycosylated forms [94], and studies have shown differences in 

glycosylation patterns after proteinase K (PK) treatment between PrPC and PrPSc,  however, the 

implications in disease pathogenesis remain unknown. Russelakis-Carneiro et al. discovered 

that in uninfected mice and hamsters, diglycosylated and monoglycosylated PrPC  with slight 

traces of nonglycosylated PrPC were identified in the brain and optic nerve, but only 

diglycosylated and monoglycosylated PrPC were present in the retina [6]. However, upon 

stereotaxic injection of murine scrapie strains ME7 and 139A, the amount of unglycosylated PrP 

(PrP indicating total protein) increased with disease progression, becoming the predominant 

form in all 3 neuroanatomic regions [6].  

Scrapie, which affects sheep, goats, and mouflons, is the first identified and oldest 

described prion disease [95]. There are two predominant variants of scrapie, classical and 

atypical. Although classical scrapie is an infectious disease, certain PRNP genotypes can either 

increase or decrease susceptibility to infection. The wild-type ovine PRNP gene encodes for the 

amino acids alanine (A) at codon 136, arginine (R) at codon 154, and glutamine (Q) at codon 

171 [96, 97].  Polymorphisms in this gene at codons 136 (A/alanine or V/valine), 154 (R/arginine 

or H/ histidine), and/or 171 (Q/glutamine, R/arginine, or H/histidine) are primarily responsible for 

this variation in disease predisposition [1, 2]. Genotypes VRQ/VRQ, ARQ/VRQ, and ARQ/ARQ 

increase the potential for classical scrapie infection, whereas ARR/ARR diminishes the 

probability of infection [1, 98]. VRQ/VRQ and VRQ/ARQ have been associated with a shortened 

incubation period, different Western blot glycosylation pattern, and conformationally unstable 

PrPSc as compared to ARQ/ARQ [99]. Recently, Cassmann et al. revealed that Barbado sheep 

homozygous for lysine (KK) at codon 171 were resistant to classical scrapie experimentally after 

oronasal infection with a natural scrapie isolate [100]. In contrast to classical scrapie, in which 
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ARR/ARR normally confers resistance, homozygous ARR animals have increased susceptibility 

to atypical scrapie. Additional polymorphisms associated with increased susceptibility in atypical 

scrapie include phenylalanine (F) or leucine (L) at codon 141 (homozygous or heterozygous 

AFRQ and ALRQ), and histidine (H) at codon 154 (homozygous or heterozygous AHQ) [10, 14]. 

Atypical scrapie cases reported in Europe often were homozygous or heterozygous for ARQ or 

AHQ [13, 28, 52], whereas cases reported in the US were typically homozygous or 

heterozygous for AFRQ or ALRQ [12, 29]. In atypical scrapie, disease occurrence is believed to 

be spontaneous, or with a low rate of natural infectivity [8, 9]. 

 Scrapie infection is naturally characterized by lengthy incubation periods ranging from 2 

to 7 years for classical [1, 2, 9], and up to 20 years for atypical [8], so affected sheep and goats 

can be asymptomatic carriers initially, but ultimately all infected animals can succumb to active 

disease. At the onset of clinical signs in classical scrapie, prion infection is progressive, lasting 

approximately 2 weeks to 6 months before death occurs. These signs vary with the stage of 

infection and include: intense pruritus resulting in scraping and rubbing against objects with 

subsequent wool loss, dermal abrasions and excoriations (hence, the term “scrapie”), excitation, 

seizures, and paralysis [2]. In cases of atypical scrapie, the duration of asymptomatic illness is 

not definitively known, as many cases are only detected in fallen stock or slaughtered animals 

for human consumption [1], but the most common presenting clinical sign, when present, is 

ataxia. [9]. 

In classical scrapie, dissemination and propagation of prion infection, with deposition 

and accumulation of PrPSc, is dependent on multiple factors that can vary based on the mode of 

transmission, PRNP genotype, and the chronicity of infection. According to several studies of 

natural infection in sheep and experimental infection in rodents, it is proposed that infection 

begins with ingestion of exogenous PrPSc contaminants in feed or from the environment [1, 101]. 

PrPSc disseminates, replicates, and accumulates in the palatine tonsils and/or retropharyngeal 

lymph nodes [102, 103], before traveling to the intestines. From the intestines, PrPSc enters the 
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gut-associated lymphoid tissue (GALT), particularly ileal Peyer’s patches via transcytosis by M 

cells [103] and/or an endocytosis/transcytosis process utilizing a ferritin-dependent mechanism 

[101], where it replicates in follicular dendritic cells within germinal centers of B-cell follicles 

[101, 104, 105]. PrPSc  then travels by way of migrating intestinal dendritic cells from the 

intestines through the lymphatic system to reach the mesenteric lymph nodes [104, 106]. Once 

PrPSc enters the hematopoietic system, there is multicentric dissemination to other lymph nodes 

and the spleen by macrophages, migrating dendritic cells, and less commonly, lymphocytes 

[101, 104]. From enteric submucosal and myenteric plexuses [102-104], PrPSc travels along the 

length of the intestines via parasympathetic and sympathetic peripheral nerves [107], by 

retrograde axonal transport to the central nervous system (CNS), where it aggregates and 

accumulates first in the dorsal motor nucleus of the vagus nerve in the medulla oblongata [101, 

102, 107], and then propagates in various groups of neurons within the grey matter of the 

brainstem (particularly the obex) and the thoracic spinal cord [102]. The mechanism of action for 

neurotoxicity remains under investigation, however, it has been suggested that either the 

deficiency of a critical biological PrPC function and/or gain of PrPSc toxic properties result in 

neurodegeneration and disease [108]. From the CNS, PrPSc distributes to additional non-

neuronal and non-lymphoid reticular system (LRS) tissues and organs such as adrenal glands, 

heart, skin, urinary bladder, mammary glands, pancreas, liver, lung, kidney, skeletal muscle, 

and placenta, through the peripheral nervous system (PNS) [104, 109, 110]. PrPSc is excreted 

into the environment from affected sheep, most commonly through contaminated placental 

tissue [110, 111], which can result in horizontal transmission of scrapie. Some studies have 

shown that PrPSc can be detected in the saliva [112], and milk or colostrum [113] of infected 

sheep, which could also be a factor for environmental transmission of scrapie, as the presence 

of infectious PrPCWD has been identified in the salivary gland and urinary bladder of chronic 

wasting disease (CWD)-exposed deer [114]. Disease pathogenesis in atypical scrapie is not 

fully characterized, but based on the currently accepted theory of spontaneous origination, PrPSc 
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is believed to occur secondary to repetitive, physiological, chronic folding and metabolism of 

PrPC in the brain [1, 8]. PrPSc deposition and accumulation typically affect the nucleus of the 

spinal nerve of the trigeminal tract, cerebellar and cerebral cortices, and with mixed frequency, 

substantia nigra for atypical scrapie [8, 28].  Of interest, Andreoletti et al. discovered that 

skeletal muscle, nerves, and lymphoid tissue from natural and experimental cases of atypical 

scrapie in sheep, were infectious in murine infectivity assays, but PrPSc was not detected in 

these tissues with Western blot, ELISA, or IHC [18].  This finding indicates that PrPSc in atypical 

scrapie may have a wider anatomic distribution than originally perceived, and other organs may 

play a role in disease pathogenesis, similar to classical scrapie. This result also reveals that for 

atypical scrapie, PrPSc content in tissues and organs with the exception of brain, is either much 

lower than observed in classical scrapie, or routine diagnostic tests, such as Western blot and 

ELISA, lack sufficient sensitivity to detect the prion protein.  

Gross lesions are absent in classical and atypical scrapie. Characteristic CNS 

histopathologic lesions are consistent in cases of natural and experimental, classical and 

atypical, scrapie-infected sheep. They are usually bilaterally symmetrical and consist of 

intraneuronal and/or neuropil vacuolation (spongiform change), and gliosis [9, 115-117]. The 

morphology, quantity of vacuoles, and distribution can vary, but all are membrane-bound and 

often found within the neuronal perikarya, dendrites, and axonal terminals [116, 118, 119]. For 

classical scrapie, neurons within the brainstem (particularly the dorsal motor nucleus of the 

vagus nerve, and other nuclei in the obex) and spinal cord (dorsal horn and intermediate grey 

matter) are most commonly affected [102, 119].  Diseased neurons are infrequently degenerate 

or necrotic, characterized by chromatolytic changes or shrinkage, angulation, and 

hypereosinophilia. Neuronal loss is often inconspicuous or absent [115, 116, 118]. Perivascular 

amyloid plaques are more frequent with classical scrapie, and when present, they target vessels 

of the mesencephalon and rostral brain [120]. Plaque lesions are most likely a degenerative 

response induced by the presence of PrPSc, and are not specific to classical scrapie nor are 
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they a specific cause of PrPSc-induced neuropathology or clinical signs [116]. In experimental 

infection of mice with sheep scrapie strains, the pattern of vacuolation can vary and is specific to 

the type of strain inocula [115]. Neuropil vacuolation and spongiform change are common 

features of atypical scrapie, predominantly localized to the molecular layer (and less frequently, 

granular layer) of the cerebellum and the cerebral cortex [18, 28]. Non-perivascular plaques and 

plaque-like aggregates may also be present in atypical scrapie. 

 In classical and atypical scrapie, detection of PrPSc accumulation occurs in the central 

nervous system, but the predominant pattern varies between the two diseases. In classical 

scrapie, PrPSc patterns are most commonly intraneuronal and intraglial [121], whereas the 

pattern in atypical scrapie is in the neuropil of nuclei, white matter, or less frequently 

perineuronal [14, 28]. PrPSc accumulation, although becoming increasingly more severe as the 

infection progresses, can vary dramatically morphologically and topographically based on the 

scrapie strain and sheep breed [115].  

 Detection of PrPSc deposition in lymphoreticular tissues and organs is also a hallmark of 

classical scrapie, but PrPSc deposition has only been definitively observed in the brain of 

atypical scrapie cases, although infectivity assays suggest the presence of PrPSc deposition in 

other organs [18]. 

  To differentiate classical and atypical scrapie, diagnostic techniques most often used 

include electron microscopy, immunohistochemistry, and immunocytochemistry (Western blot 

and ELISA) [115, 122]. Western blot remains the gold standard for confirmation of PrPSc, and 

after proteinase K (PK) treatment, a multiband pattern is apparent in atypical scrapie, whereas 

with classical scrapie, 3 distinct bands are visible [9].  

 In tissue sections, PrPSc can be found extracellularly in contact with the cell membrane 

of neurons, astrocytes, and other glial cells for both classical and atypical scrapie, as well as 

intracellularly in the CNS [115, 123, 124], and in myenteric and submucosal plexuses of the 

enteric nervous system in classical scrapie [103, 125]. Additionally, with classical scrapie, PrPSc 
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has been detected in follicular dendritic cells and macrophages of GALT and Peyer’s patches 

[103]. In classical scrapie, PrPSc deposits and accumulation can also be found in other organs, 

such as pancreas, heart, kidney, skeletal muscle [109], placenta [110], and blood [126] of 

infected animals.  

The most common electron microscopic findings in classical scrapie include the 

presence of “scrapie-associated fibrils” which are amyloid-positive plaques composed of PrPSc 

[127], glycogen granules and hypertrophic glial filaments within reactive astrocytes [128], 

vacuoles containing internal curled membrane fragments, dystrophic neurites, and membranous 

proliferation [129]. Limited details are within the literature characterizing electron microscopic 

findings in atypical scrapie. 

Although polymorphisms in the ovine PRNP gene predispose affected sheep to the 

onset of prion disease and PrPC is essential for conversion to PrPSc, the definitive mechanistic 

role and influence of other cellular products on prion disease pathogenesis remains unknown. 

However, growing numbers of studies are investigating the expression of various genes and 

proteins in both ex vivo and in vivo models of prion infection. Some of these studies have shown 

promise in identifying certain differentially- regulated or expressed genes in the presence and 

absence of scrapie infection, and it is plausible that with consistency and repetition of these 

results, these genes could be eventually classified as known risk factors and utilized as 

diagnostic biomarkers for prion infection. Additionally, identifying genes and proteins that affect 

prion permissibility of cells will provide more clarity in prion disease pathogenesis. This could 

lead to the development of activators and inhibitors that minimize the likelihood of prion 

infection, deposition, and accumulation. Gossner et al. discovered differential expression of 

genes in the lymph node and spleen of VRQ/VRQ classical scrapie-infected sheep. Genes 

associated with oxidative stress (i.e. SEPP1) were downregulated, whereas genes associated 

with apoptosis (i.e. DDX5) were upregulated, compared to mock-infected sheep [130]. The 

results of this study suggest programmed cell death is triggered by classical scrapie in 
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lymphoreticular organs and tissues, but antioxidant activity is diminished in homozygous VRQ 

scrapie-infected sheep. Filali et al. performed transcriptomic analysis of the medulla oblongata 

from ARQ/ARQ sheep chronically infected with a natural classical scrapie isolate, and identified 

metallothionein 2A (MT2A; metal binding protein) and glutathione peroxidase 1 (GPX-1; 

oxidative stress) were significantly upregulated and positively associated with PrPSc deposition, 

whereas melatonin receptor 1B (MTNR1B; oxidative stress) and collagen alpha-2 chain 

(COL1A2; extracellular matrix) were significantly downregulated [22]. These results suggest 

some antioxidants are variably expressed in classical scrapie infection, but upregulation 

coincides with the level of PrPSc deposition and could represent efforts at neuroprotection in 

homozygous ARQ scrapie infected sheep. Of interest, metal binding proteins may be 

upregulated secondary to increased inflammatory signaling, and/or increased recruitment of 

metals to the extracellular environment for reparative efforts.   

Some studies have evaluated if genes are differentially expressed, based on 

susceptibility or resistance to prion infection in cell culture. Marbiah et al. isolated prion-resistant 

cell clones from highly-susceptible murine neuroblastoma cells (N2a), and after silencing nine 

genes that included fibronectin 1 (FN1) and 3’-phosphoadenosine 5’-phosphosulphate synthase 

2 (Papss2), affected cells were converted to a prion-susceptible phenotype [23]. Furthermore, 

silencing of Papss2, FN1, and integrin subunit α8 (ITGA8) led directly to enhanced prion 

infection [23]. These genes encode key proteins in the extracellular matrix (ECM), and while 

FN1 and ITGA8 are critical for proper glycosylation, Papss2 is essential for proper sulphation 

[23]. These results suggest that resistance or susceptibility to prion infection in N2a cells is 

influenced by the differential expression of extracellular matrical genes.  

Still, other studies have assessed if genes are differentially expressed in permissive and 

non-permissive cell culture systems, in the presence or absence of scrapie prions. Munoz-

Gutierrez et al. discovered differentially-regulated or expressed genes between prion poorly-

permissive and prion highly-permissive ovine, VRQ/VRQ microglia clones in RNAseq analysis 
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[24]. For example, in prion poorly-permissive clones compared to the highly-permissive 

counterpart, matrix metalloproteinase 14 (MMP14), which functions in extracellular matrix 

remodeling was upregulated, as well as decorin (DCN) which contributes to ECM assembly [24]. 

Furthermore, the most commonly modified biological pathways were genes involved in 

proteolysis, translation, and mitosis, but other genes of interest were associated with apoptosis, 

phagocytosis, extracellular matrix modeling and remodeling, and mitosis [24]. The results of 

Munoz-Gutierrez et al. suggest that differential expressed, or the upregulation and 

downregulation of genes could impact prion permissibility, and in this case, poorly- permissive 

ovine microglia may have increased remodeling and assembly of the extracellular matrix. 

Although each of these studies identified differentially-regulated or expressed genes, 

and activation of physiological processes that may support prion replication and accumulation, 

some limitations exist. Gossner et al. were unable to validate half of the differentially-expressed 

genes that were conserved in both tissues, and the evaluation of other lymph nodes peripheral 

to the inoculation site may have identified if gene expression variations are consistent as 

disease progresses in similar tissues. Filali et al. evaluated the transcriptomic profile of 

chronically, prion-infected sheep, but some genes could be expressed differently in acute 

stages of infection. Marbiah et al. used clones derived from parental N2a mouse-derived cells 

but inoculated with a sheep scrapie strain (RML), and since prion strains may behave differently 

depending on the cell culture line utilized, there is some uncertainty as to whether the scrapie 

strain or the murine host exerts the most influence to the differentially-regulated gene profile. 

Furthermore, in Marbiah et al., the mechanism by which the ECM acts on prion susceptibility is 

undetermined, and it is unknown if this mechanism extends to other species and cell types. For 

Munoz et al., the gene expression profile of only two clones were assessed, but the expression 

in other clones from the same subline and correlations with prion permissibility remained 

unknown. 
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In the proposed studies, certain differentially-expressed genes, or genes with a possible 

link to prion permissibility identified in the investigation of Munoz et al., will be further validated 

in additional, inoculated microglia clones to: (1) determine if clone and/or treatment status are 

significant to gene expression, (2) assess if any significant correlations exist between gene 

expression and prion permissibility, and (3) evaluate the role of PRNP in the expression of these 

target genes (target gene/PRNP expression). These genes include: AXL receptor tyrosine 

kinase (AXL), fibronectin 1 (FN1), survivin (BIRC5), syndecan 4 (SDC4), osteonectin (SPARC), 

and follistatin-like 1 (FSTL1). These genes encode extracellular matrical proteins that aid in 

tissue remodeling and repair of the microenvironment, cell-to-cell and cell-to-ECM adhesions, 

apoptosis, cell proliferation (i.e., mitosis), and efferocytosis. Differential regulation or expression 

of matrix metalloproteinase II (MMP2), which functions in extracellular matrix remodeling and 

repair, will also be assessed in naïve clones and sublines of either a defined prion permissibility 

(i.e., highly or poorly) or prion accumulating (i.e., slow or fast) phenotype. 

AXL receptor tyrosine kinase (AXL) is a member of the TAM family that includes Tyro3 

and Mertk, and is expressed in phagocytic cells of the nervous, immune, and reproductive 

systems, in addition to sentinel immune cells, neurons, microglia, and endothelial cells [131, 

132]. In the presence of ligand, growth arrest specific protein 6 (Gas6), AXL binds not only to 

Gas6 but also to phosphatidylserine receptors on the surface of apoptotic cells, activating 

phagocytosis in a process known as efferocytosis [131-134]. This binding activates several 

signaling pathways to include MAPK/ERK kinases and PI3K/AKT that result in efferocytosis, 

and also cell proliferation, migration, and adhesion [135-137]. In mouse models, a double 

knockout of Mertk and AXL in microglia has resulted in the accumulation of apoptotic cells within 

the CNS, and affected microglia exhibited decreased motility and delayed response to injury 

[138]. Inhibitors of tyrosine kinase enzymatic activity have been shown in some studies to 

promote degradation of PrPSc in prion-infected cells. Ertmer et al. noted that not only was PrPSc 

digested by lysosomes in 3 different cell lines (murine neuroblastoma cells, murine 
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hypothalamic cells, and murine non-neuronal cells) exposed to a commercial tyrosine kinase 

inhibiting agent ST1571, but additionally, the localization, expression, and biogenesis of PrPC 

remained consistent and was not affected by ST1571 [139].  In Munoz-Gutierrez et al., AXL had 

upregulated expression of a 1.5 to 1.8-fold change in highly-permissive inoculated ovine 

microglia clones compared to the poorly-permissive counterpart [140], so the influence of AXL 

on prion permissibility was assessed, since the process of efferocytosis could potentially 

contribute to propagation of prion disease in the CNS. 

Fibronectin 1 (FN1) is a large molecular weight, structural glycoprotein that functions in 

ECM collagen assembly, cell adhesion and motility, and actin cytoskeletal organization [141]. 

Other functions include inhibition of apoptosis, phagocytosis, and microglial activation [142, 

143]. Fibronectin 1 is synthesized by macrophages [144], epithelial and mesenchymal cells, and 

has multiple binding domains for collagen, other molecules of fibronectin, heparin, and integrins 

[141]. Assembly of fibronectin dimers into an insoluble fibrillar network is crucial to its activation, 

and is dependent on binding with integrin (particularly α5β1), arginyl-glycyl-aspartic acid (RGD), 

and synergy motifs  [141].  Takahasi et al. has shown that FN assembly can still occur in the 

absence of RGD [144].  Microglial morphology and adhesion capability can vary based on the 

composition of extracellular matrix substrates such as fibronectin. Milner et al. discovered that in 

the presence of plastic, vitronectin, and fibronectin, microglia had strong avidity for fibronectin 

and adopted an amoeboid, activated morphology, whereas with laminin, small, individualized 

microglia were poorly adhered to the substrate [142]. As previously mentioned, Marbiah et al. 

observed that silencing of ITGA8 and FN1 in prion-resistant N2a cells inhibited MMP2/9 

secretion, leading to increased prion susceptibility [23]. In Munoz et al., FN1 was downregulated 

by a 1.5-fold change in inoculated, highly- permissive ovine microglia clones compared to 

poorly-permissive clones [140]. Based on these studies, diminished transcript levels of FN1 

could enhance prion susceptibility and permissibility; therefore, the role of FN1 with prion 

permissibility was evaluated. Additionally, some extracellular matrical proteins (i.e., growth 
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factors) can become concealed within the fibronectin matrix and elude degradation by proteases 

[143]; it is plausible then that PrPC and PrPSc could also utilize a similar mechanism to promote 

increased expression and accumulation, respectively.  

BIRC5 (also known as Baculoviral IAP Repeat containing 5 and survivin) is a protein that 

inhibits apoptosis, promotes cell division [145], and is overexpressed in cancer [146]. BIRC5 is 

the smallest member of the inhibitor of apoptosis (IAP) family at 142 amino acids in length [147], 

and is intricately involved at the G2:M transition of the cell cycle [148]. Survivin binds to hepatitis 

B X-interacting protein (HBXIP), which when coupled to procaspase-9 directly inhibits apoptosis 

[146]. Jiang et al. revealed that BIRC5 expression occurs during embryogenesis, and is 

essential for neuronal development [149]. BIRC5 was downregulated by a 5.7 to 6.7-fold 

change in inoculated, highly-permissive ovine microglia clones, in contrast to poorly-permissive 

clones ovine microglia clones [140]. Rare reports discuss expression of BIRC5 as it relates to 

prion disease, so the influence of this gene with prion permissibility was further characterized. 

As an inhibitor of apoptosis, this function could contribute to accumulation and dissemination of 

scrapie prions.  

Syndecan 4 (SDC4) is a transmembrane heparin sulfate proteoglycan that is suggested 

to contribute cell-to-cell-adhesion, and the assembly of scaffolding and signaling ECM proteins 

at the interior of the plasma membrane [150]. These scaffolding proteins bind to and determine 

the membranous location of cell surface receptors, connect with the cytoskeleton, assist in 

signal transduction [150], and also inhibit apoptosis [151]. SDC4 also functions in degradation of 

the ECM. Cellular heparin sulfate receptors, such as SDC4, have been reported to contribute to 

the formation of PrPSc.  Horonchik et al. exposed N2a, CHO, and GT1–1 cells inoculated with 

purified prion rods to sulfation inhibitors (bacterial heparinase III or chlorate), which significantly 

reduced the binding and uptake of prion protein rods for some of the inhibitors [152]. Based on 

reports of SDC4 enhancing formation of PrPSc, and the downregulation by 2.0 in inoculated, 

highly-permissive ovine microglia clones compared to poorly-permissive clones [140], this gene 



 

20 

was also included in the analysis to determine if any correlations with prion permissibility 

existed. 

Osteonectin, also known as Secreted Protein Acidic and Rich in Cysteine (SPARC), BM-

40, and 43K protein, is a matricellular protein composed of an extracellular calcium-binding 

domain and a follistatin-like domain [153]. SPARC has a variety of functions, including inhibiting 

cell proliferation by arresting the cell cycle, modulating cell-ECM interactions, cell migration, and 

survival [153, 154]. SPARC also regulates growth factors PDGF, VEGF, and FGF-2 [153]. 

Vincent et al. discovered SPARC is expressed by radial glia, microglia, brainstem astrocytes, 

and brain barriers in embryogenesis, remaining in specialized radial glia, microglia and 

brainstem astrocytes into adulthood [154]. SPARC expression in specialized glia suggests a 

role in neurogenesis, synaptic plasticity, angiogenesis, and cell migration [154]. Booth et al. 

identified differential expression of SPARC between non-infected and scrapie-infected brain 

tissue from C57BL/6 mice experimentally inoculated (i.e., intracerebral) with one of two mouse-

adapted prion strains (i.e., ME7, 79a) [155]. SPARC was downregulated by a 2.0-fold change in 

highly-permissive ovine microglia clones in contrast to poorly- permissive clones [24]. Enhanced 

PrPSc accumulation has been reported in non-dividing cells in cell culture [156], and as an 

inhibitor of cell proliferation, this gene was  further assessed. 

Follistatin-like 1 (FSTL1), also known as transforming growth factor β1 stimulated clone 

36 (TSC-36) or follistatin-related protein (FRP), was originally identified in the mouse 

osteoblastic cell line MC3T3-E1 [157, 158]. FSTL1 is a secreted glycoprotein produced 

predominately by mesenchymal cells [158] as well as endothelial cells and neurons [159]. 

FSTL-1 is also a member of the SPARC family [160]. Although the specific function of FSTL-1 

has not been elucidated, various studies have recognized a role in different signaling pathways 

of cell survival or anti-apoptosis [159, 161], cell proliferation, differentiation and organ 

development [160, 162], metastatic neoplasia [163] , and recently, inflammation [158]. Genes 

that upregulate FSTL1 include IL-1β, TNFα, FOS, ERK1/2, TGFβ, and AKT, and some of these 
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genes are also regulated by FSTL1 [160]. Scarce reports in the literature evaluate the role of 

FSTL-1 in prion disease, so this gene was further characterized in the study, since it was also 

downregulated by a 1.67-fold change in inoculated, highly-permissive ovine microglia clones 

compared to poorly-permissive clones [24]. With a role in inhibition of apoptosis, this gene may 

also contribute to prion accumulation and dissemination in the CNS. 

 Matrix metalloproteinases (MMPs) are a group of zinc-dependent, endopeptidases that 

degrade various substrates in the extracellular matrix (ECM) during remodeling and repair [31]. 

MMPs are ubiquitous in the central nervous system, and in humans, they are reported to be 

secreted by neurons, oligodendrocytes, microglia, reactive astrocytes, and endothelial cells [34, 

35]. Matrix metalloproteinase-2 (MMP-2 or Gelatinase A), degrades fibrillar collagens I, II, III, V, 

VII, and X, collagen IV, denatured collagen or gelatins, laminin, elastin, fibronectin, cell 

adhesion molecules, proteoglycans, growth factors, and cytokines [31, 36, 165]. Activators of 

MMP2 include MMP-14 (a.k.a. MT1-MMP) in conjunction with Tissue Inhibitor of 

Metalloproteinase II (TIMP-2) [31, 165], serine proteases, reactive oxygen species, and other 

additional MMPs, such as MMP-16 and MMP-2 [31, 165].  Inhibitors of MMP-2 include TIMP-2, 

TIMP-3, and TIMP-4 [31]. MMP2 is ubiquitously distributed and is one of the major enzymatic 

proteins responsible for ECM remodeling, cell survival, angiogenesis, inflammation, and 

signaling [31].  Lewis et al. discovered that MMP-2 degrades PrPC at the amino terminus, and 

when inhibited by a pan-MMP inhibitor, there was an increase in C1 fragments [167]. In Marbiah 

et al., when MMP2 transcript levels were decreased subsequent to silencing of FN1, prion 

revertant, murine neuroblastoma cells became susceptible to infection with scrapie prions [23]. 

Additionally, MMP2 transcript levels were decreased by a fold change of 1.5 in inoculated, 

highly-permissive ovine microglia clones in contrast to poorly-permissive clones [24]. These 

findings suggest that decreased MMP2 transcript levels influence prion susceptibility and 

permissibility, so this gene was also further characterized. 
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In another study, prion protein expression will be further assessed in four ARR/ARR 

sheep intracranially inoculated with a natural North American atypical scrapie isolate. The aims 

of this study are to: (1) characterize the neuroanatomical localization and pattern of PrPSc, and 

(2) determine if this pathotype compares to other atypical pathotypes reported in the literature. 

Identical or similar pathotypes of European atypical and US atypical prion disease indicate 

some degree of conservation in the pathophysiological mechanism of disease, so it is possible 

that differentially-expressed genes and signaling pathways in these pathotypes are also 

preserved. Hence, since atypical scrapie has similarities to human prion disease (i.e., long 

incubation period, slow accumulation of PrPSc), this disease can be studied accordingly and 

potentially extrapolated to human prion disease, encouraging the development of a human cell 

culture model system. 
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CHAPTER 3   EXPRESSION AND CORRELATION OF EXTRACELLULAR MATRICAL AND 

NON-EXTRACELLULAR MATRICAL PROTEINS WITH PRION (PrPSc)    

            PERMISSIBILITY IN AN OVINE MODEL OF CLASSICAL SCRAPIE     

 

 Transmissible spongiform encephalopathies (TSEs) are a group of progressive, fatal 

neurodegenerative diseases that affect cattle (bovine spongiform encephalopathy), small 

ruminants (scrapie), cervids (chronic wasting disease), felids (feline spongiform 

encephalopathy), humans (Creutzfeldt-Jakob disease and Kuru) [2,19] and now camelids [30]. 

Classical scrapie is the oldest described prion disease, dating back to over 250 years ago [31]. 

Due to the public concern for all prion diseases, and the economic and financial devastation 

associated with this disease, eradication efforts have been implemented in various countries for 

the control and elimination of classical scrapie.  

 Originally coined as “proteinaceous infectious particle or prion” [32], TSEs are caused by 

a misfolded, pathogenic isoform (PrPD; D for disease-associated) of the normal, host-encoded, 

cellular prion protein (PrPC; C for cellular) [32 – 37]In this disease, PrPD can promote 

autocatalytic conversion of normal PrPC to PrPD in a perpetuating, positive feedback cycle [5, 33 

–36]. While most TSEs are initiated after exposure to PrPD from an infected animal, PrPC has 

also been reported to spontaneously convert to PrPD [37-39]. Although there are variations in 

several of the key components contributing to prion infection in hosts, including heterogeneity of 

PrPD strains [40], neuroanatomical distribution of lesions and PrPD deposits [2, 40], and post-

translational PrPC modifications [36], the common denominator is the conversion of PrPC to its 

pathological isoform, PrPD.   

 PrPC is a protein encoded by the host gene PRNP which is evolutionarily conserved 

amongst mammals [19, 41, 42]and is constitutively expressed in several cell types, but notably 
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in adult neurons [43], glial cells [44], lymphocytes, and monocytes [45]. In sheep, PrPC is 256 

amino acids long [42, 46]. Polymorphisms in PrPC have been reported in codons 136 (A/alanine 

or V/valine), 154 (R/arginine or H/ histidine) and/or 171 (Q/glutamine, R/arginine, or H/histidine) 

that increase susceptibility (i.e. VRQ/VRQ, ARQ/VRQ, ARQ/ARQ) or confer resistance 

(ARR/ARR) to classical scrapie in sheep [42, 47, 48].  

 Currently, many of the functions of PrPC are suggested, and internalization of PrPC 

through certain cellular receptors is only hypothesized [19, 49, 50]. Additionally, receptors for 

internalization, and sites of conversion and/or accumulation of PrPD are also only hypothesized 

or suggested [19, 51]. This generalized paucity of knowledge in prion disease pathogenesis 

hinders the development of diagnostic aids, and of most importance, treatments in prion 

disease. 

 Various experimental model systems have been used to study and further characterize 

classical scrapie. In vivo models provide excellent systems to study the clinical aspects of the 

disease, and serve as the final test for potential therapies [52 – 54]. However, with in vivo 

models, assessment of cellular and extracellular factors that may influence disease onset or 

progression could be challenging to identify. Cell culture models serve as practical and 

informative ex-vivo systems, providing an avenue to study and dissect the role of cellular and 

extracellular constituents in prion disease pathogenesis, that cannot be dissected at the tissue 

or animal level. Furthermore, these models allow for the development and testing of treatments 

prior to animal testing. While transgenic cell culture models, such as ovinized rabbit kidney 

epithelial cells (Rov) [55], and ovinized mouse cerebellar astrocytes [19] allow for the 

expression of PrPC from a normal prion host (e.g., sheep) and have provided useful information 

in prion research, these models cannot account for species-to-species variation in all of the 

other proteins. To circumvent potential complications with species-to-species variation in protein 

expression, non-transgenic cell culture lines can be used. For this study, immortalized ovine 

microglia cells [56, 57] were utilized. Microglia are innate, myeloid immune cells of the brain that 
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have similar functions to macrophages [58, 59]. These resident phagocytic cells have also been 

localized to the neuroanatomical vicinity of PrPD deposits and contain intracellular PrPD, which 

contributes to prion protein degradation but also potential dissemination [59]. Additionally, the 

use of non-transgenic expression of PrPC increases the chances that PrP-non-PrP protein 

interactions are appropriate.  

 Using N2a cells inoculated with a mouse-adapted scrapie isolate (ScN2a), Marbiah et al. 

demonstrated that the downregulation of 9 extracellular matrix genes through silencing 

increased susceptibility to prion infection, and when fibronectin 1 was inhibited from binding to 

integrin α8, prion propagation was enhanced [23]. Some of the genes silenced include Chga 

and Lrrn4, which both function in remodeling and homeostasis of the extracellular matrix 

environment [23]. Munoz-Gutierrez et al. evaluated the transcriptomic profile in immortalized 

ovine microglial clones derived from the same subline, between one permissive and one 

relatively resistant to scrapie prions, and twenty-two genes were differentially expressed [24]. 

Additionally, several other genes were potentially differentially expressed or regulated (i.e., AXL, 

BIRC5, SPARC) [24]. Due to the limited nature of a single pairwise analysis, the relevance of 

these findings is unknown. Based on the demonstrated significance of the FN1-related ECM in 

N2a cells, and the potential, but inconclusive results from the previous pairwise microglial 

analysis, this paper studied these genes. Some of these variably-expressed or regulated genes 

contribute to remodeling, repair, and collagen assembly in the extracellular matrix (fibronectin1 

[FN1]), adhesions between cells and the extracellular matrix (syndecan 4 [SDC4]), cellular 

proliferation (osteonectin [SPARC]), efferocytosis (AXL tyrosine kinase receptor [AXL]), and 

apoptosis (survivin [BIRC5]; follistatin-like 1 [FSTL1]) [24]. Dinkel et al. identified significant 

correlations between prion permissibility and genes implicated in cell growth (i.e. RARRES1), 

protein degradation (SQSTM1), and heparin binding (SEPP1) amongst 6 ovine microglia clones 

derived from the same subline and with varying degrees of prion permissibility [60]. All three of 

these studies depict the upregulation or downregulation of genes that either directly, indirectly, 
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or potentially contribute to prion susceptibility or permissibility, and the functional diversity of 

these genes indicate that susceptibility and permissibility are multifactorial. 

  While FN1 and its role in the ECM has been investigated in ScN2a cells, this has not 

been investigated in myeloid cells or in sheep scrapie. Furthermore, AXL, BIRC5, FSTL1, 

SPARC, and SDC4 have not been investigated in sheep scrapie nor myeloid cells. Based on 

statistically significant fold changes, Munoz-Gutierrez et al. discovered in a highly permissive 

microglia clone inoculated with a natural scrapie isolate, an upregulated fold change expression 

of 1.5 for AXL, but downregulated fold change expression of -1.5 for FN1, -1.7 for FSTL1, -3.0 

for SPARC, -2.0 for SDC4 and -6.7 for BIRC5 [24], as compared to the relatively non-permissive 

clone. Only for BIRC5, SPARC and SDC4 were these changes two-fold or greater. Additionally, 

BIRC5 and SPARC also had significant downregulated fold changes in highly permissive Mock-

inoculated microglia clones (-5.8 and -3.3 respectively) [24]. For this study, we expanded the 

analysis of AXL, BIRC5, FSTL1, FN1, SPARC and SDC4 into three additional immortalized, 

ovine microglia clones of varying prion permissibility, and one clone that reverted from highly to 

intermediately permissive to determine if any correlations existed.  

 

            Methods 

 A previously established immortalized (hTERT) ovine microglia cell subline (Subline H) 

was utilized [57, 61], which was approved by the Institutional Animal Care and Use Committee 

of Washington State University (ASAF04575). Six clones within the subline were further 

evaluated in the experimental study (438, 440, 434, 439Late, 441, and 439Early), arranged in 

order of diminishing permissibility to scrapie prion infection [60]. Clone 438 was least 

permissive; clones 440, 434, and 439Late of intermediate permissiveness, and clones 441 and 

439Early as highly permissive [24, 60, 61]. 439Late and 439Early refer to a single clone whose 

permissibility changed after continual passage [62], and are treated as two separate clones in 

the study. These clones were previously inoculated with either a natural, sheep-derived scrapie 
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isolate (Utah) (derived from Animal Disease Research Unit; USDA Agricultural Research 

Service, Pullman, WA from a natural infected sheep in Utah, USA), or uninfected ovine brain 

homogenate (Mock) [56, 60]. Cells were cultured under standard conditions of Opti-MEM media 

(Gibco), supplemented with 10% complement-inactivated fetal bovine serum (Atlanta 

Biologicals), 10,000 units/mL penicillin (Hyclone), 10,000 µg/mL streptomycin (Hyclone), and 

200 mM L-Glutamine (Hyclone). Cells were passaged every 3 to 4 days at a 1/5 dilution. 

 Cell suspensions for use with five experiments were previously collected at passage 5 

(P-5) for Mock-inoculated clones, and for Utah-inoculated clones at passages P-2 (experiment 

2.3Redo), P-4 (experiment 2.2), P-5 (experiment 1), P-6 (experiment 2.3), and P-7 (experiment 

2.7) [60].  Over the course of all experiments, a total of at least 3 independent replicates of each 

clone, per inoculation status, were tallied. Cell suspensions were homogenized with 

QIAshredders (Qiagen) according to manufacturer’s instructions. RNA was extracted from 

lysates using RNeasy Mini Kit (Qiagen), per manufacturer’s directions. Eluted RNA was 

collected into DNA LoBind microcentrifuge tubes (Eppendorf) and stored at -80 °C until further 

use. When ready to use, RNA purity and concentration was measured using NanoDrop 2000 

spectrophotometer (Thermo Scientific).  

 RNA was standardized at 10 µg/50 µL, and residual DNA was removed using Invitrogen 

DNA-free DNase Treatment and Removal kit (Fisher Scientific). A total volume of 50 µL was 

prepared per sample using 5 µL of 10x DNase I buffer, 1 µL of rDNase I, eluted RNA, and 

nuclease-free water. Each sample was incubated at 37 °C for 30 minutes before adding 5 µL of 

DNase Inactivation reagent. After addition of the inactivation reagent, the sample was mixed 

frequently and incubated at room temperature (~25 °C) for 2 minutes. Subsequent to 

centrifugation of the sample at 10,000 x g for 1.5 minutes, RNA was collected and transferred to 

a new, 0.5 mL DNA LoBind microcentrifuge tube (Eppendorf). RNA was either immediately 

stored at -80 °C, or purity and concentration were measured using NanoDrop 2000 

spectrophotometer (Thermo Scientific), before storage for later use. 
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 DNase-treated RNA was standardized to 1 µg/20 µL and first strand cDNA synthesis 

was performed using SuperScript III First-Strand Synthesis Supermix for qRT-PCR 

(ThermoFisher Scientific). Each sample consisted of 10 µL of 2x RT reaction mix, 2 µL of RT 

enzyme mix, 1 µg of DNase- treated RNA, and DEPC-treated water for a total volume of 20 µL. 

Samples were gently mixed, then incubated at 25 °C for 10 minutes, 50 °C for 30 minutes, and 

85 °C for 5 minutes. After incubation, samples were chilled on ice for 5 minutes, and then 1 µL 

of E. coli RNase H was added before an additional incubation at 37°C for 20 minutes. After the 

last incubation, samples were chilled on ice for 5 minutes, and immediately stored at -80 °C. 

 Genes identified from previous RNAseq data in two clones of varying prion permissibility 

[24] were further assessed (Table 3.1). These annotated genes include fibronectin 1 (FN1), 

follistatin-like 1 (FSTL-1), osteonectin (SPARC), survivin (BIRC5), syndecan 4 (SDC4), AXL 

receptor tyrosine kinase (AXL), and prion protein (PRNP). 18s rRNA ribosomal RNA (18s rRNA) 

and hypoxanthine phosphoribosyltransferase 1 (hPRT1) are both reference genes that have 

shown stable expression as internal controls in quantitative PCR analyses [66-68] and were 

hence utilized as reference genes in this study. With the exception of PRNP [64] and FN1 [65], 

which were previously published, primers were designed for each gene according to a reference 

sequence listed for the gene using the database program from the National Center of 

Biotechnology Information [63]. Standard curves for each primer set were performed to 

determine efficiency, confirm predictability across dilutions (r2 > 0.85), and establish a single, 

repeatable product melting temperature. The resulting products were also evaluated by 

standard agarose gel electrophoresis to confirm the product size.  
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Table 3.1. Primers for qRT-PCR and RT-PCR. 

 

a Primers were designed using either presumed or curated mRNA from selected genes in the database 

program of NIH, US National Library of Medicine, National Center for Biotechnology Information (NCBI) 

[63]. 

b PRNP primer sequences were derived from a previous publication [64].  

 c FN1 primer sequences were designed using PriFi [65].  

 

 

 

 

 

 

 

Genes Gene name Accession 
number for 
sequence 

Forward primer 
sequence 
(5’ – 3’) 

Reverse primer sequence 
(5’ – 3’) 

Amplic
on size 
(bp) 

AXLa AXL receptor tyrosine 
kinase 

XM_00401527
8.4 

AAGGACAGCCAATCCAC
CAG 

ACACCTCTCCATAACGGGTCT 165  

BIRC5a Baculoviral IAP 
repeat-containing 
protein 5/Survivin 

XM_00401309
8.3 

CCCGACTTGGCTCAGTG
TTT 

AGCACAACCAGATGAATGCTT 102 

hPRT1a Hypoxanthine 
phosphoribosyltransf
erase 

XM_01510502
3.1 

GGCTCCGTTATGGCGG
C 

TTCGGTCCTGTCCATAATTAG
TCC 

150 

18srRN
Aa 

18s ribosomal RNA XR_00358798
1.1 

GAGGCCCTGTAATTGGA
ATGA 

GCAGCAACTTTAATATACGCT
ATTGG 

120 

FN1c Fibronectin 1 XM_00400491
1.4 

TCTCGTGCCAGTGCTTA
G 

CTGACGATCCCACTTCTCTCC 110 

FSTL1a Follistatin-like 1 XM_02798027
4.1 

TCATTCCAGACGGCTGG
TTC 

CTGGAGTCCAAGCGAGAGTC 100 

PRNPb Prion protein NM_00100948
1.1 

CCGTTACCCCAACCAAG
TGT   

CGCTCCATTATCTTGATGTCA
GT 

159 

SPARC
a 

Osteonectin XM_01217756
5.3 

CTGTGACCTGGACAACG
ACA 

GGAGGCGTGGCTTTAGATCA 109 

SDC4a Syndecan 4 XM_02797723
4.1 

CTGATGACGAGGACATC
GGG 

ATAGGGACCAAGGGGTGCAT 127 
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 All PCR products were cloned and sequenced to confirm amplification of the correct 

gene target. Superscript IV first strand cDNA synthesis system kit for RT-PCR (ThermoFisher 

Scientific) was used, according to manufacturer’s instructions. Each reaction contained 50 ng of 

RNA, derived from naïve ovine microglia clone 439. First strand cDNA samples were then 

immediately used or stored at -20 °C. Conventional PCR was implemented using Advantage II 

PCR Enzyme System (Clontech) according to manufacturer’s directions. Each reaction was 

composed of 40 μL of nuclease-free water, 5 μL of 10X PCR buffer, 1 μL of 50x dNTPs, 1 μL 

forward primer, 1 μL reverse primer, either 1 μL of Taq polymerase or nuclease free water, and 

1 μL of cDNA. The PCR protocol was as follows: 95 °C for 5 minutes; 30 cycles of 95 °C for 30 

seconds, 55 °C for 30 seconds, and 72°C for 30 seconds; and 72 °C for 7 minutes. Gel 

electrophoresis was used to assess the size and solitary nature of the products.  Bands not 

exposed to ultraviolet imaging were cut from the gel, and the DNA was purified using QIAEX II 

Agarose Gel Extraction Kit (QIAGEN) according to manufacturer’s instructions. Eluted, purified 

DNA was ligated into a pGEM-T easy vector system (Promega) per manufacturer’s directions. 

Two microliters of each ligation reaction were transformed into 50 µL of JM109 high efficiency 

competent cells and plated, according to manufacturer’s instructions with few modifications. 

Cells were heat shocked at 43°- 45 °C, transformation cultures were incubated for 2 hours at 37 

°C with a shaking speed of 420 rpm, and approximately 200 µL of transformation cultures were 

plated onto LB/Ampicillin plates. After an overnight incubation at 37 °C, up to 9 clones were 

selected per plate, and evaluated for the presence of the correct gene product using 

conventional PCR and gel electrophoresis. Selected clones were isolated on an additional 

LB/Ampicillin agar plate, and placed in a 37 °C incubator for 8 – 12 hours. For each gene, a 

single clone of the correct size was further isolated in 3 µL of ampicillin, 3 mL of sterile LB 

medium, and a pipette tip containing the colony, in an overnight 37 °C incubation with a shaking 

speed of 420rpm.  After incubation, DNA was eluted (QIAprep Spin Miniprep Kit, QIAGEN), per 

manufacturer’s directions, and measured for concentration and purity using NanoDrop 2000 
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spectrophotometer (Thermo Scientific).  Eluted DNA was submitted for commercial Sanger 

sequencing using GENEWIZ (www.genewiz.com) or MCLAB (www.mclab.com). Forward and 

reverse sequences were aligned using software programs Mega 6 (Molecular Evolutionary 

Genetics Analysis; www.megasoftware.net) and Geneious Prime (www.geneious.com), and the 

resulting consensus sequences were aligned to the National Center of Biotechnology 

Information (www.ncbi.nlm.nih.gov) nt database, using megablast.   

 Each reaction contained 10 μL SsoAdvanced Universal SYBR Green Supermix, 0.4 μL 

forward primer, 0.4 μL reverse primer, and 7.2 μL nuclease-free water. Either 2.5 μL of 

appropriately diluted cDNA or nuclease-free water for negative control was added to each 

reaction, and a single non-reverse transcriptase (NRT) control was run for each clone and gene. 

Reactions were then run with CFX96 Touch Real-Time PCR Detection System (Bio-Rad) with 

the following protocol for all primers: 95 °C for 30 minutes; 35 times of 95 °C for 15 seconds 

then 60 °C for 30 seconds, followed by 95 °C for 10 minutes, 60 °C for 5 minutes, and an 

increase in temperature in 0.5 °C increments from 60 °C to 95 °C.  

 Gene expression data normalized to reference genes 18s rRNA and hPRT1 was 

retrieved and evaluated from at least 3 independent replicates using the software program CFX 

Manager 3.1 (www.bio-rad.com: Bio-Rad, Hercules, CA). Statistical analyses were performed 

using JMP version 14 (www.jmp.com; SAS Institute, Cary, NC.). However, for Utah-inoculated 

clone 439Early, only 2 of the 3 independent replicates had the acquisition of data for BIRC5 

(i.e., low, undetectable levels of transcript in one replicate). Relative prion permissibility was 

previously determined [60]. Normality of the data distribution was assessed per inoculation 

status, using histograms and Goodness-of-fit test.  For data that was not normally distributed, 

Box-Cox transformation was used for approximation to normality, and this newly configured data 

was assessed for normality using histograms and Goodness of Fit test. Fold changes were 

computed manually using raw normalized expression (Mode in CFX Manager: Normalized 

expression (ΔΔ Cq)) collectively, and then relative to the previously identified least permissive 

http://www.genewiz.com/
http://www.mclab.com/
http://www.megasoftware.net/
http://www.geneious.com/
http://www.ncbi.nlm.nih.gov/
http://www.bio-rad.com/
http://www.jmp.com/
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clone, 438 [60], for each gene by treatment group. Statistical significance of fold change (i.e., 

clone) was assessed using One-way ANOVA and post hoc Tukey-Kramer HSD for multiple 

pairwise comparisons (p < 0.05). Correlation of mean normalized gene expression with prion 

permissibility per treatment group was calculated using multivariate analysis with Pearson’s 

correlation coefficient (Pearson’s r). The effect of inoculation status, and the interaction of clone 

and inoculation status on gene expression were analyzed using pooled, raw expression data by 

gene in Two-way ANOVA and post-hoc Tukey HSD for multiple pairwise comparisons (p < 

0.05). For genes in which inoculation status was not influential to expression, mean normalized 

gene expression data were pooled by gene and clone, and correlations between genes, as well 

as with prion permissibility were calculated using Pearson’s r and Benjamini-Hochberg multiple 

comparison correction. qRT-PCR analyses and statistical calculations as previously described 

were also performed for relative density expression (Mode in CFX Manager: Relative quantity 

(ΔCq)) of target genes relative to PRNP (target gene/PRNP ratios) using at least 3 independent 

replicates. 

 

     Results 

 Seven genes with a potential role in prion permissibility were assessed with RT-qPCR, 

and normalized to 18s rRNA and hPRT1b. Gene expression data from Mock-inoculated clones 

showed a normal distribution (Goodness-of-Fit; p > 0.05). Utah-inoculated clones were not 

normally distributed for SDC4 (Goodness-of-Fit; p < 0.001) and SPARC (Goodness-of-Fit; p < 

0.01) but were normally distributed for the remaining genes. For SDC4 and SPARC, raw 

expression values from Utah-inoculated clones were transformed with Box-Cox Y 

transformation test, and these values were deemed as normally distributed after assessment 

with histograms and Goodness of Fit test (p > 0.05) and subsequently utilized in parametric 

statistical analyses as such. 
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 To determine if the RNA levels of the targeted genes significantly differed between 

clones, fold changes in normalized gene expression were statistically compared amongst all of 

the clones from at least 3 independent replicates collectively using one-way ANOVA and post 

hoc Tukey-Kramer HSD for multiple pairwise comparisons. Correlations to prion permissibility 

were assessed using Pearson’s correlation coefficient test with corrections by Benjamini-

Hochburg procedure (www.biostathandbook.com/multiplecomparisons.html). Statistically 

significant differences in expression were observed for BIRC5 (p < 0.001), SPARC (p < 0.001) 

and FSTL1 (p < 0.01) (Figure 3.1). For BIRC5, differential gene expression was significantly 

decreased for both 439Late and 439Early compared to all other clones (p < 0.05), and this 

decreased expression was a four-to-eight-fold change compared to clone 438. Expression of 

FSTL1 in clones 439Late (p < 0.05) and 439Early (p < 0.05) was significantly decreased 

compared to clone 434, and clone 439Late was also significantly decreased compared to clone 

438 (p < 0.05), but these changes were less than two-fold compared to clone 438. Additionally, 

clone 440 had significantly decreased expression of FSTL1 compared to clones 438 (p < 0.05) 

and 434 (p < 0.05), but these changes were also less than two-fold compared to clone 438. 

With SPARC, clones 439Late and 439Early had significantly diminished expression compared 

to clones 438 (p < 0.0001 and p < 0.01) and 434 (p < 0.001 and p < 0.05), and these changes 

were two-to-three-fold compared to clone 438. Additionally, 439Late SPARC expression was 

significantly decreased compared to clone 441 (p = 0.0378). Furthermore, clone 438 had 

significantly increased SPARC expression compared to clones 441 (p < 0.05) and 440 (p < 

0.01), and clone 434 was also significantly increased compared to 440 (p < 0.05), but these 

changes were less than two-fold compared to clone 438. Significant differential gene expression 

was lacking for AXL, FN1, PRNP and SDC4 in all pairwise comparisons.  

 Since clone 439 exhibited variation in permissibility over time, differences in gene 

expression were also assessed for 439Late relative to the most permissive clone, 439Early [60] 

in all evaluated genes. Only in BIRC5 was there a two-fold change expression in 439Late 

http://www.biostathandbook.com/multiplecomparisons.html
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Figure 3.1. Fold change in gene expression for Mock-inoculated clones. Fold changes were 

assessed using normalized gene expression relative to the least permissive clone (438) for 

Mock-inoculated clones. Expression data was normalized to 18s rRNA and hPRT1, scaled to 

438, and then the geometric mean and geometric standard deviation factor were calculated for 

graphical representation. Solid, black horizontal lines (i.e., 21 or 2 -1) demarcate the two-fold 

change threshold. The x-axis is ordered by increasing prion permissibility phenotype (left to 

right). The horizontal axes are partitioned into panels by gene (AXL, BIRC5, FN1, FSTL1, 

PRNP, SDC4, SPARC). Error bars indicate 1 geometric standard deviation factor from the 

geometric mean. In differentially expressed genes, clones that do not share the same letter had 

significant differential mean expression (p < 0.05). E = Early Mock, L = Late Mock 
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relative to 439Early, but this change was not statistically significant (p > 0.05).  

 There were no statistically significant correlations between mean normalized gene 

expression of Mock-inoculated clones and prion permissibility (p > 0.05). 

 As described in section 3.2, analysis of fold changes in gene expression and correlations 

with prion permissibility were also performed for Utah-inoculated clones for at least 3 

independent replicates, with the exception of clone 439Early for BIRC5 in which data from only 

2 out of 3 independent replicates was available to assess (i.e., low, undetectable transcript 

levels in one replicate).  Individual, significant variations in gene expression were present for 

PRNP (p < 0.05) and SPARC (p < 0.01) (Figure 3.2).  

  A single, significant increase in PRNP expression was observed for clone 439Late as 

compared to clone 438 (p < 0.05); however, this change was less than two-fold compared to 

clone 438. With SPARC, expression levels were significantly increased for clone 439Late as 

opposed to clone 438 (p < 0.01), and clone 434 (p < 0.01), but this variation was also less than 

two-fold compared to clone 438. Although a two-fold change in BIRC5 expression was present 

for 439Late and 439Early relative to clone 438, these differences were not statistically 

significant (p > 0.05) due to the low expression levels in these clones. BIRC5 tended to amplify 

late in RT-qPCR with Utah-inoculated clones. Significant differential gene expression was also 

lacking for AXL, FN1, FSTL1, and SDC4 in all pairwise comparisons. No significant differential 

expression existed for clones 439Late versus 439Early in any of the examined genes. 

 As also described for the Mock-inoculated clones, significant correlations were not 

observed between mean normalized gene expression and prion permissibility (p > 0.05). 

 The data for the Mock and Utah-inoculated clones were combined to increase the 

sample sizes. A two-way ANOVA, post hoc Tukey-Kramer HSD for multiple pairwise 

comparison, and Pearson’s correlation coefficient test were used for assessing gene-to-gene 

correlations, as well as correlations between gene expression levels and prion permissibility. 

Corrections to Pearson’s test were performed using Benjamini-Hochburg procedure 
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Figure 3.2. Fold change in gene expression for Utah-inoculated clones. Fold changes were 

assessed using normalized gene expression, relative to the least permissive clone (438) for 

Utah-inoculated clones. Expression data was normalized to 18s rRNA and hPRT1, scaled to 

438, and then the geometric mean and geometric standard deviation factor were calculated for 

graphical representation. Solid, black, horizontal lines (i.e., 21 or 2 -1) demarcate the two-fold 

change threshold. The x-axis is ordered by increasing prion permissibility phenotype (left to 

right). The horizontal axes are partitioned into panels by gene (AXL, BIRC5, FN1, FSTL1, 

PRNP, SDC4, SPARC). Error bars indicate 1 geometric standard deviation factor from the 

geometric mean. In differentially expressed genes, clones that do not share the same letter had 

significant differential mean expression (p < 0.05). E = Early Utah, L = Late Utah     
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(www.biostathandbook.com/multiplecomparisons.html). For FSTL1, SPARC, and SDC4, the 

effect of inoculation was significant (p < 0.05), and the interaction of inoculation status and clone 

were also significant for SDC4 and SPARC (p < 0.05), so these genes were not included in this 

aspect of the study. However, data could be combined for AXL, FN1, BIRC5, and PRNP. For 

BIRC5 (p < 0.001) and PRNP (p < 0.01), the effect of clone remained statistically significant with 

two-way ANOVA, frequently involving the same original clones as described in sections 3.2 and 

3.3, but with some modifications to be addressed. When data was combined for BIRC5, the 

significant variation in gene expression of clones 439Early and 439Late, compared to clone 440 

were no longer significant (p > 0.05). In PRNP, although clone 439Early lacked a two-fold 

change to other clones, collective data indicated that 439Early is weakly but significantly (p < 

0.05) increased relative to 438. Pearson’s correlation coefficient test, with Benjamini-Hochburg 

correction, was used to determine if the gene expression levels from the combined Mock and 

Utah-treated clones correlated with other expressed genes or with prion permissibility. No 

significant correlations were identified between genes (p > 0.05) or with prion permissibility (p > 

0.05). 

 Since inoculation status was influential to gene expression for FSTL1, SPARC, and 

SDC4 with two-way ANOVA, the ratio of normalized mean expression derived from both 

treatment groups (i.e., Mock-inoculated/Utah-inoculated) was constructed to evaluate if 

inoculation with scrapie prions influenced transcript levels of these three genes (Figure 3.3). For 

SPARC, transcript levels were approximately three-fold higher for clones 438 and 434 (p < 0.05) 

as compared to clone 439Late subsequent to inoculation with scrapie prions. 

 Although normalized PRNP expression was determined to lack two-fold changes in 

expression and displayed absent to minimal, significant variation amongst the clones in this, as 

well as another study [60], the influence of target genes relative to PRNP expression of other 

genes were evaluated to determine if target gene/PRNP ratios were significant relative to prion 

permissibility. Raw target gene/PRNP ratios were calculated using the relative quantity of 

http://www.biostathandbook.com/multiplecomparisons.html
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Figure 3.3. Effect of inoculation on transcript levels of FSTL1, SDC4, and SPARC. The effect of 

inoculation on transcript levels was calculated by dividing the Mock-inoculated value by the 

Utah-inoculated value. Geometric mean and geometric standard deviation were calculated for 

graphical representation. Solid, black horizontal lines (i.e., 21 or 2 -1) demarcate the two-fold 

change threshold. The x-axis is ordered by increasing prion permissibility phenotype (left to 

right). The horizontal axis is partitioned into panels by gene (FSTL1, SDC4, SPARC). Error bars 

indicate 1 geometric standard deviation factor from the geometric mean. In differentially-

expressed genes, clones that do not share the same letter had significant differential mean 

expression (p < 0.05). E = Early, L = Late     
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expression (i.e., non-normalized) for target genes and PRNP, per clone. Fold changes in 

expression and correlations with prion permissibility were statistically evaluated as previously 

described in section 3.2. Statistically significant differences in expression were observed for 

BIRC5/PRNP (p < 0.001), SPARC/PRNP (p < 0.001), FSTL1/PRNP (p < 0.01) and SDC4/PRNP 

(p < 0.01) (Figure 3.4). In BIRC5/PRNP, differential gene expression of 439Late and 439Early 

were significantly decreased compared to clones 438 (p < 0.001 and p < 0.01), and 441 (p < 

0.01 and p < 0.05), and this decreased expression was a five-to-eight-fold change for 439Late 

and 439Early compared to clone 438. Earlier in the study, significant fold changes with BIRC5 in 

439Early and 439Late were also described for both treatment groups, independent of PRNP 

expression. Moreover, for BIRC5/PRNP, clone 439Late had significantly diminished expression 

compared to clones 434 (p < 0.01) and 440 (p < 0.05). SPARC/PRNP had significant decreased 

expression for clones 439Late and 439Early compared to clones 438 (p < 0.001 and p < 0.01) 

and 434 (p < 0.001 and p < 0.05), and a two-to-three-fold change in expression existed in 

clones 439Late and 439Early compared to clone 438. Also, for SPARC/PRNP, clones 440 and 

441 had significantly diminished expression compared to 438 (p < 0.01 and p < 0.05), and clone 

440 was significantly decreased from 434 (p < 0.05), but these changes were slightly less than 

two-fold relative to clone 438. In FSTL1, clone 439Late had significantly diminished expression 

from clones 438 (p < 0.05) and 434 (p < 0.05), but these differences were less than two-fold. 

For SDC4/PRNP expression, 439Late was significantly decreased compared to clones 438 (p < 

0.01), 440 (p < 0.05), and 434 (p < 0.05), but these differences were also less than two-fold  

relative to clone 438. Relative to PRNP expression, significant differential gene expression 

remained absent for AXL and FN1. 

 Although an approximately three-fold change in BIRC5/PRNP expression was present in 

clone 439Late compared to 439Early, this difference was not significant (p > 0.05). No 

significant differences in expression of clones 439Early versus 439Late were present for any of 
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Figure 3.4. Fold change in target gene/PRNP expression in Mock-inoculated clones. Fold 

changes were assessed using relative expression data, scaled to the least permissive clone 

(438) for Mock-inoculated clones. Relative expression ratios were constructed (i.e., target 

gene/PRNP expression), and then the geometric mean and geometric standard deviation were 

calculated for graphical representation. Solid, black horizontal lines (i.e., 21 or 2 -1) demarcate 

the two-fold change threshold. The x-axis is ordered by increasing prion permissibility 

phenotype (left to right). The horizontal axes are partitioned into panels by gene (AXL, BIRC5, 

FN1, FSTL1, SDC4, SPARC). Error bars indicate 1 geometric standard deviation factor from the 

geometric mean. In differentially-expressed genes, clones that do not share the same letter had 

significant differential mean expression (p < 0.05). E = Early Mock, L = Late Mock 
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the remaining gene ratios. No significant correlations to prion permissibility were identified 

amongst all gene ratios. 

 Fold change data and correlations to prion permissibility were constructed and 

statistically assessed as previously described in section 3.5. Statistically significant differences 

in expression were observed for AXL/PRNP (p < 0.05) (Figure 3.5). For AXL/PRNP, clone 441 

had significantly diminished expression compared to clone 438 (p < 0.05), but this change was 

less than two-fold. Clones of BIRC5/PRNP lacked significant differential expression, but an 

approximately three-to-six-fold change in expression was noted in clones 439Late and 439Early 

relative to clone 438. In FN1/PRNP, there was also an absence of significant differential 

expression amongst the clones, but two-fold changes in expression were present in clones 

439Late, 439Early, 434, and 441, relative to clone 438, and mean expression was highest in the 

least permissive clone (i.e., 438). In FSTL/PRNP, no significant differential expression was 

observed amongst the clones, but a two-fold change was present in clone 439Late relative to 

clone 438. Significant differential gene expression was lacking for SDC4/PRNP and 

SPARC/PRNP. 

 For BIRC5/PRNP, clone 439Late had a two-fold higher transcript level relative to 

439Early, but this change lacked statistical significance. No additional significant differences in 

expression were present in clone 439Early versus 439Late for any of the remaining gene ratios.  

 No significant correlations with prion permissibility were detected amongst the gene 

ratios.  

 Target gene/PRNP expression ratios were pooled from Mock and Utah-inoculated 

clones for AXL/PRNP, BIRC5/PRNP and FN1/PRNP, and the impact of clone and inoculation 

status with expression, as well as correlations to prion permissibility were evaluated using 

similar procedures as described in section 3.4 (Figure 3.6). Neither inoculation status, nor the  

interaction of clone with inoculation status were influential to expression of genes selected for 

this portion of the study, so treatment groups were pooled to increase sample sizes.  For 
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Figure 3.5. Fold change in target gene/PRNP expression in Utah-inoculated clones. Fold 

changes were assessed using relative expression data, scaled to the least permissive clone 

(438) for Utah-inoculated clones. Relative expression ratios were constructed (i.e., target 

gene/PRNP expression), and then the geometric mean and geometric standard deviation factor 

were calculated for graphical representation. Solid, black, horizontal lines (i.e., 21 or 2 -1) 

demarcate the two-fold change threshold. The x-axis is ordered by increasing prion 

permissibility phenotype (left to right). The horizontal axes are partitioned into panels by gene 

(AXL, BIRC5, FN1, FSTL1, SDC4, SPARC). Error bars depict 1 geometric standard deviation 

factor from the geometric mean. In differentially-expressed genes, clones that do not share the 

same letter had significant differential mean expression (p < 0.05). E = Early Utah, L = Late 

Utah 
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Figure 3.6. Comparison of target gene/PRNP expression for Mock and Utah-inoculated clones. 

Expression ratios were pooled from Mock and Utah-inoculated clones, relative to PRNP 

expression, for genes in which inoculation was insignificant. Geometric mean and geometric 

standard deviation factor were calculated per ratio for graphical representation. Solid, black, 

horizontal lines (i.e., 21 or 2 -1) demarcate the two-fold change threshold. The x-axis is ordered 

by increasing prion permissibility phenotype (left to right). The horizontal axis is partitioned into 

panels by gene (AXL, BIRC5, FN1). Error bars depict 1 geometric standard deviation factor from 

the geometric mean. In differentially-expressed genes, clones that do not share the same letter 

had significant differential mean expression (p < 0.05).  E = Early, L = Late 
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AXL/PRNP, the effect of clone was significant (p < 0.01) for clones 438 and 441. In 

BIRC5/PRNP, although the effect of clone remained significant to gene expression (p < 0.001) 

with many of the same clone comparisons depicted in section 3.5, further significant differential 

comparisons included clones 439Early and 434 (p < 0.01), clones 441 and 439Late (p < 0.01), 

and clones 440 and 438 (p < 0.05). Furthermore, BIRC5/PRNP differential expression became 

insignificant between clones 440 and 439Late (p > 0.05). Of interest, when FN1/PRNP was 

assessed jointly for both treatment groups, the effect of clone became significant (p < 0.01), and 

expression of clone 438 was significantly increased compared to 439Late (p < 0.05), 441 (p < 

0.01) and 439Early (p < 0.05), with clones 441 and 439Early previously characterized as highly 

permissive to scrapie prion infection.  

 Additionally, BIRC5/PRNP (r = -0.7187, adjusted p-value < 0.05), and FN1/PRNP (r = -

0.7841, adjusted p-value < 0.01) were strongly and negatively correlated with prion 

permissibility (Table 3.2). 

 

    Discussion and Conclusions 

 Identifying definitive determinants of prion permissibility is key in unraveling prion 

disease pathogenesis, and it also acts as a catalyst in the development of preventative 

measures and effective treatment protocols. Multiple studies of classical scrapie have 

implemented the use of cell culture models, and from these studies, potential determinants of 

prion permissibility have been identified [23, 24, 60]. In this study, 6 genes (AXL, BIRC5, FN1, 

FSTL1, SPARC, SDC4) that previously demonstrated either differential gene expression or the 

potential to affect prion permissibility between two clones (i.e., 438 and 439) of contrasting prion 

permissibility [24], were further characterized. The previous results were expanded into a set of 

six sheep microglia clones of varying prion permissibility. Raw gene expression levels were 

were evaluated, as were gene expression values relative to PRNP (i.e., target gene/PRNP). 
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Table 3.2. Significant correlations between target gene/PRNP and prion permissibility. 

 

 

 

 

a Data was derived from at least 3 independent replicates. A p-value < 0.05 was considered significant. 

Ratio expression was scaled to 438. 

b Adjusted p-value were derived from the formula (Pearson’s p-value x (total number of p-values/p-value 

rank)). The value obtained from this calculation was compared to the previous adjusted p-value, and the 

smaller of the two was recorded. This value is also referred to as the Benjamini-Hochburg p-value 

(www.biostathandbook.com/multiplecomparisons.html). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Gene-Gene interactiona 

 
Pearson’s 
Correlation 

Adjusted  
p-valueb 

FN1/PRNP -0.7841 0.0076 

BIRC5/PRNP -0.7187 0.0127 

http://www.biostathandbook.com/multiplecomparisons.html
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 Overall, there were no significant differences in gene expression observed between 

clones 439Late and 439Early. Significant correlations with prion permissibility were identified in 

expression ratios only (i.e., target gene/PRNP), and no significant correlations were detected 

between genes. Clone was the most common, influential factor to gene expression.  

 As previously stated, clone 439 was originally determined to have high permissibility to 

infection with naturally-derived classical scrapie isolates [56], but over time and subsequent 

subpassage, a shift to a more intermediate permissibility phenotype manifested [60]. Thus, this 

provided an opportunity to temporally compare a clone to itself. Clone 439Late was consistently 

decreased by a two-to-three-fold change from 439Early with BIRC5 raw expression and 

BIRC5/PRNP ratios, but these changes were not statistically significant. Unlike clone 439Early, 

clone 439Late was significantly decreased in FSTL1 raw expression, FSTL1/PRNP and 

SDC4/PRNP expression ratios, but these variations were also less than two-fold. Similar to a 

previous study including 439Late and 439 Early [60], these limited transcriptional analysis 

studies failed to find significant difference. A transcriptome-wide approach could be used in 

future studies to determine the differences between the 439Late and 439Early that result in the 

change of permissibility phenotype, as well as the rest of the clones, which have not been 

evaluated on a transcriptomic level (i.e., 434, 440, 441).  

 FN1/PRNP expression was strongly and negatively correlated with prion permissibility in 

ovine microglia. Furthermore, with pooled, Mock and Utah-inoculated FN1/PRNP expression, 

the effect of clone became significant with decreased expression in clones 439Late, 439Early, 

and 441 compared to clone 438. These findings suggest that the expression profile of FN1, 

relative to PRNP may contribute to prion permissibility. Marbiah et al. observed that FN1 

silencing enhanced the levels of PrPD accumulation in prion-susceptible murine neuroblastoma 

cells (i.e., R7 cells) [23]. The influence of clone parallels findings reported by Munoz-Gutierrez 

et al. in which FN1 expression was downregulated in highly-permissive clone 439 compared to 

poorly-permissive clone 438, both infected with scrapie prion [24]. Collectively, these findings 
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suggest that transcript levels of FN1 influence prion permissibility, and that this applies across 

different prion isolates and types of cell culture model systems. While the mechanism of 

fibronectin’s influence on permissibility is unknown, possible causes include prion protein 

binding or extracellular matrix remodeling. Growth factors have been reported to bind to FN1, 

becoming concealed and able to evade proteolytic degradation, with subsequent accumulation 

in the FN1 fibrillar matrix [69]. Potentially, prion protein could have a similar interaction with 

FN1. Additional studies of FN1 are warranted to determine if similar correlations with prion 

permissibility exist in other cell culture systems (i.e., Rov or 1D4 cells) and prion strains (i.e., 

natural scrapie isolates X124 or SSBP-1, Nor98, human prion isolates). Furthermore, future 

studies to silence FN1 or deletion of FN1 from culture media in order to create cell culture 

models for human prions may be warranted. With these subsequent studies, further knowledge 

may be provided to strengthen the classification of FN1 as a biomarker of prion permissibility. 

 BIRC5 had consistently low expression in clones 439Late and 439Early. This is 

consistent with previous results [24]. However, BIRC5 expression was very low (nearly 

undetectable). While BIRC5/PRNP expression was strongly and negatively correlated with prion 

permissibility, this correlation was likely skewed by the results of the related 439Early and 

439Late clones. Thus, the significance of these comparisons, involving such a poorly expressed 

gene is questionable. Since BIRC5 has a role in apoptosis (i.e., it directly inhibits activation of 

caspase-9, and formation of the apoptosome, suppressing the intrinsic signaling pathway of 

apoptosis) [70], future studies may be best targeted toward apoptosis, rather than BIRC5 

specifically.  

 SPARC and SPARC/PRNP expression were significantly different in multiple pairwise 

comparisons, but lacked a correlation with prion permissibility. While likely not important to prion 

permissibility amongst the clones, it is possible that the permissibility of different clones have 

different genetic determinants. With specialized functions in cellular adhesion, proliferation, 

migration [71, 72], and matrix metalloproteinase activity [72], it is possible that decreased 
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expression of SPARC may result in pathological abnormalities in these functions that enhance 

prion infectivity. Booth et al. identified differential expression of SPARC between non-infected 

and scrapie-infected brain tissue from C57BL/6 mice experimentally inoculated (i.e., 

intracerebral) with one of two mouse-adapted prion strains (i.e., ME7, 79a) [73]. Interestingly, 

SPARC was also significantly affected by the inoculation status of the microglia clones. These 

findings indicate that for some genes, inoculation influences transcript levels, which may 

potentially contribute to prion permissibility, in contrast to other genes studied in ovine microglia 

[24, 60]. It is also possible that the pre-inoculation state of the cell is critical for initial prion 

replication. To the authors’ knowledge, this report depicts the first characterization of SPARC in 

prion permissive ovine microglia clones. 

 PRNP expression was significantly increased in inoculated clone 439Late compared to 

438, and collectively in Mock and Utah-inoculated clones 439Late and 439Early compared to 

clone 438, but these variations in expression were less than two-fold. Previous studies using 

these clones also identified some variation in expression that was of a similar magnitude in one 

study [60], but in the remaining study, the results were not statistically significant [24]. 

Additionally, in this study, many significant differential comparisons were present in target 

gene/PRNP expression ratios (i.e., FN1/PRNP, BIRC5/PRNP, FSTL1/PRNP). These findings 

suggest that transcript level ratios of certain target genes and PRNP may also influence prion 

permissibility. Future gene expression studies of prion diseases are suggested to evaluate gene 

transcript levels relative to PRNP, to account for the potential of PRNP levels interacting with 

the target gene levels.  

 FSTL1, AXL and SDC4 results demonstrated sporadic pairwise comparisons that were 

significant, but these genes lacked patterns or correlations. Based on these results, it is unlikely 

that FSTL1, AXL, or SDC4 affect prion permissibility.  

 Some limitations were present in this study. First, only 2 out of 3 replicates of Utah-

inoculated 439Early could be assessed for BIRC5, which hindered full assessment of BIRC5 for 
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this clone; however, this could also be due primarily to low transcript levels. Second, only a 

single scrapie isolate was used (i.e., Utah), and assessed for differential gene expression 

amongst the clones. Currently, only clone 439Early from the subline has been assessed for 

permissiveness to other natural scrapie isolates (i.e., Pullman 1, Pullman 3, X124, 13-7) [61]. If 

the remaining clones are also discovered to be permissive to these isolates, evaluation and 

comparison of the transcriptomic profiles between clones and scrapie isolates would be 

beneficial. This would allow the identification of similar or disparate genes that could be 

differentially expressed, providing more insight on prion disease pathogenesis in ovine 

microglia. Thirdly, assessment of gene expression and correlations with prion permissibility 

were only performed for ovine microglia of VRQ/VRQ genotype, which is characterized by a 

rapid incubation period and fast accumulation of PrPSc. Extrapolation of the results from this 

study towards the development of an ARQ/ARQ sheep prion culture system could aid in the 

development of the first cell culture system for slowly accumulating PrPSc, which is more 

characteristic of most human prion diseases.  

 In conclusion, definitive determinants of prion permissibility are currently limited, but one 

extracellular matrix gene identified in this study (FN1), shows considerable promise in becoming 

an acknowledged determinant of prion permissibility. The studies previously performed by 

Marbiah et al., Munoz-Gutierrez et al., and this current study suggest that alterations in FN1 

expression levels consistently correlate with prion permissibility across two distinct cell culture 

model systems. For this study, FN1/PRNP expression was strongly and negatively correlated 

with prion permissibility. These findings suggest prion permissibility is not dependent on 

individualized gene expression in ovine microglia cells, but other factors may be involved to 

include cell of origin, type of scrapie isolate or strain, post-transcriptional or post-translational 

factors, and possibly additive effects of gene expression (e.g., target gene levels relative to 

PRNP levels).  
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 Future studies are needed to fully characterize the functionality of these genes and their 

role in prion permissibility in different cell culture model systems, with various prion isolates or 

strains, and transcriptomic analysis. 
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  CHAPTER 4    MATRIX METALLOPROTEINASE 2 IN DEFINED PRION-

 PERMISSIVE AND PRION-ACCUMULATING CULTURED NAÏVE OVINE MICROGLIA 

 

 Matrix metalloproteinases (MMPs) are a group of zinc-dependent, proteolytic enzymes 

that are known for degrading various substrates in the extracellular matrix (ECM) during 

remodeling and repair [74], and embryonic development and reproduction [75], but additional 

functions include angiogenesis, cell survival, signaling, and inflammation [74]. These proteins 

are secreted as zymogens or inactive proenzymes, and become activated when the pro-domain 

undergoes a conformational change, which disrupts binding to the catalytic domain [76], and 

exposes the active site cleft.   

 MMPs are ubiquitous in the central nervous system, and in humans, they are reported to 

be secreted by neurons, oligodendrocytes, microglia, reactive astrocytes, and endothelial cells 

[77, 78].  

 Inducers of MMPs include: growth factors, cytokines, chemical agents, physical stress, 

and cancer [75]. MMPs can also promote the release of substances like cytokines and growth 

factors by cleaving soluble binding proteins [79]. Tissue inhibitors of metalloproteinases (TIMPs) 

also regulate the activities of MMPs through inactivation by binding to the catalytic site. A single 

TIMP can also inhibit multiple MMPs, and in some cases, can activate other pro-MMPs [74].  

 Matrix metalloproteinase 2 (MMP2) is classified with MMP9 as gelatinases, which are 

soluble matrix metalloproteinases. This enzyme has three fibronectin type II modules in the 

gelatin-binding domain of the catalytic site, that can bind to the alpha-1 chain of collagen 1 with 

a high affinity, and cause subsequent cleavage [76, 79]. Multiple known substrates can activate 

MMP2, which include the complex interaction of TIMP-2 and MMP-14 (membrane bound 

membrane type-1 MMP) coupled with other active MMP2 molecules [80], thrombin and 
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activated Protein C [81], and some studies have identified other potential substrates, such as 

osteopontin, galectin-1, and heat shock protein 90α (HSP90α) [82]. However, if TIMP2 levels 

are higher than MMP-14 and active MMP2, activation of additional MMP2 will not occur [83]. 

MMP2 cleaves various substances such as gelatin (denatured collagen), collagens I, IV, and V, 

fibronectin, elastin, and vitronectin [84]. MMP2 has a plethora of functions that include 

extracellular matrix remodeling, but also advancement of inflammatory cell migration through 

disrupted basement membranes, lysis of chemoattractants, and promotion as well as inhibition 

of inflammation [83]. TIMP-2 and TIMP-3 are effective at inhibiting the action of MMP2 [79]. 

 The role of MMP2 expression and activity in neurodegenerative diseases has been 

studied extensively. Overexpression of MMP2 has been reported early in Alzheimer’s disease, 

and MMP2 is capable of degrading soluble amyloid A plaques and physiologically normal tau, 

but cannot digest hyperphosphorylated or dephosphorylated tau, which are pathological variants 

[85]. MMP2 has also been shown through confocal microscopy to be localized to the same 

areas as neurofibrillary tangles and dystrophic neurites in the entorhinal and transentorhinal 

cortex [85]. These findings suggest that secreted MMP2 is a protective response to the 

presence of amyloid and tau, but the inability to clear neurofibrillary tangles leads to their 

accumulation and the onset of a positive, repetitive, feedback cycle recruiting more MMP2. Both 

of these events likely contribute to progressive neural damage and neurodegeneration. Lorenzl 

et al. discovered decreased MMP2 levels in the substantia nigra, largely within microglia and 

astrocytes in brain tissue from patients with Parkinson’s disease, and hypothesize that these 

modifications may contribute to disease progression [86]. In Amyotrophic Lateral Sclerosis 

(ALS) patients, increased MMP2 levels have been shown in astrocytes in the neocortex and 

spinal cord, but are decreased in the motor cortex; however, MMP9 expression was significantly 

increased in the motor cortex and segments of the spinal cord (thoracic and lumbar), and the 

latter may contribute more extensively to the pathogenesis of ALS. 
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 Aberrant protein misfolding and accumulation is a feature not only present in Alzheimer’s 

disease and Parkinson’s disease, but also in other neurodegenerative disorders such as prion 

disease, suggesting some similarities in disease pathogenesis. It is plausible then that these 

disorders may share certain molecular and mechanistic pathophysiology. MMP2 could be one of 

these elements, as it has also been recently implicated as a contributing factor to prion 

susceptibility and permissibility in cell culture models. Marbiah et al. determined that when 

prion-resistant murine neuroblastoma cells previously susceptible to infection with RML, a 

mouse adapted prion scrapie strain (i.e. revertants), were exposed to an agent (i.e., RGD) that 

interfered with signal transmission between fibronectin 1 (FN1) and integrins, secretion of 

MMP2 was arrested [23]. Additionally, these revertants became more susceptible to infection 

with RML prions [23]. Munoz et al. discovered significantly higher levels of MMP2 transcripts by 

RNAseq in poorly-permissive immortalized ovine microglia (i.e., 438 clone), when inoculated 

with scrapie prions, compared to highly-permissive microglia (i.e., 439 clone) in RNAseq  [24]. 

Moreover, Munoz et al. revealed sublines of ovine microglia that phenotypically accumulate 

prions rapidly (i.e., subline A/286 cells), or through a slower, prolonged process (i.e., subline 

H/308 cells) [56]. In the current study, we expanded upon this premise by evaluating if MMP2 

levels are differentially expressed in clones that are highly, intermediately, or poorly permissive 

to scrapie prion infection (clones 441 and 439Early – high; clones 440, 439Late and 434 – 

intermediate; clone 438 – poor), or in ovine microglia sublines with a defined prion 

accumulating phenotype (i.e., slow versus fast accumulation). We also evaluated if switching of 

supernatant between the sublines influenced expression of MMP2. 

 Ovine microglia were previously extracted from the brain of a VRQ/VRQ fetus, acquired 

from a near-term Suffolk-cross sheep [64]. These microglia were immortalized (hTERT) and 

several sublines created, with the subsequent origination of 5 clones from one scrapie prion 

permissive subline (i.e., subline H) through cloning by limiting dilution [56]. Over time and 

subsequent passages, one clone became less permissive to prion infection; however this clone 
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was also included in the study (i.e., 439Late) [60]. Two sublines (subline H/308 cells and subline 

A/286 cells) [56], arranged from slow-to-fast accumulation rate, and six clones (438, 440, 434, 

439Late, 441, 439Early) [60], ordered by increasing prion permissibility phenotype, were used. 

Naïve, subline cells and clones were rapidly thawed from cryogenic stasis, and cultured under 

standard conditions of Opti-MEM media (Gibco), supplemented with 10% complement-

inactivated fetal bovine serum (Atlanta Biologicals), 10,000 units/mL penicillin (Hyclone), 10,000 

µg/mL streptomycin (Hyclone), and 200 mM L-Glutamine (Hyclone). Cells and clones were 

passaged every 3 to 4 days at a 1/5 dilution, and maintained in T-25 culture flasks at 37 °C. 

 After growth of clones to at least 90% confluency, approximately 150 µLs of supernatant 

was collected for 3 independent replicate assays. In one independent assay at 90% confluency, 

approximately 150 µLs of supernatant was collected from the sublines at four consecutive time 

points (i.e., 1 – 4 days post supernatant switch (dps)), which also included supernatant from 

control samples. After collection, supernatant was centrifuged at 500 x g (JA50.5 rotor) for 10 

minutes at 4 °C, and then transferred to 2 mL microcentrifuge tubes and stored at -20 °C until 

used. Supernatant was standardized using Pierce BCA Protein Assay Standardization kit 

(ThermoFisher Scientific) according to manufacturer’s instructions, and protein concentration 

was measured using Epoch Microplate Spectrophotometer (Biotek) by manufacturer’s 

instructions. Samples were standardized to 3000 µg/mL in a total volume of 100 µL. MMP2 was 

denatured using Novex Zymogram Gels (ThermoFisher Scientific, Invitrogen) according to 

manufacturer’s directions with few modifications. 12.5 µL of each diluted standardized sample 

was added to 12.5 µL of 2X Tris-Glycine SDS Sample Loading buffer, and a total of 20 µL of 

this mixture was added to a well and run at 125 volts for 1.5 hours. Ten microliters of Precision 

Plus Protein Dual Color Standards ladder (BIORAD) was also run for size reference. Next, gels 

were renatured, developed, and incubated overnight at 37°C before staining with SimplyBlue 

Safestain (ThermoFisher Scientific, Invitrogen) by manufacturer’s instructions with few 

modifications. Twenty-five milliliters of ultrapure water were added first for rinsing the gel, and 
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30 to 50 mL of ultrapure water was added twice after staining. Protein bands on zymogram gels 

were visualized using VersaDoc 4000 Imaging Systems (BIORAD), and the density of the bands 

were quantified with Fiji-Image J software program [87, 88]. Each clone was assessed from at 

least 3 independent replicate assays, and each subline from 1 independent assay. Fold 

changes in MMP2 expression, when used, were scaled to the slow, prion-accumulating subline 

(308), or least permissive clone (438). MMP2 data for clones was log10 transformed, averaged, 

and statistically compared with One-way ANOVA, post-hoc Tukey-Kramer for multiple 

comparisons, and nonparametric parameters (Wilcoxon test) using JMP version 14 

(www.jmp.com; SAS Institute, Cary, NC). MMP2 levels for sublines were assessed at 1 day-

post-supernatant switch [dps] and at 4 dps, then combined, and statistically evaluated with One-

way ANOVA, and Pooled T test. For supernatant switching, raw MMP2 levels remained 

separate, and were compared to control supernatant MMP2 values at 1 and 4 dps. 

 MMP2 densities of the clones were determined to be normally distributed with 

histograms and Goodness of fit test, for all except clone 434 (p > 0.05). MMP2 levels were 

notably different between naïve ovine microglia (F = 10.2239, p < 0.001). Compared to clone 

438, MMP2 expression was significantly decreased in intermediately permissive clones 434 

(ChiSquare = 13.1871, ChiSquare p-value < 0.05) and 439Late (p < 0.001) (Figure 4.1.). 

Additionally, MMP2 levels were significantly increased in clones 440 (p < 0.01) and 441 (p < 

0.01) compared to clone 439Late. Furthermore, MMP2 expression was significantly different 

between 439 clones (p < 0.01) with increased expression in clone 439Early. Data was pooled 

from 1 and 4 dps for the control and experimental subline groups (i.e., supernatant switching 

samples) in assessment of MMP2 levels. When evaluated relative to the slow prion-

accumulating subline (308), subline 286 had significantly downregulated MMP2 expression, 

however, only one independent assay was assessed (p < 0.05) (Figure 4.2.). Additionally, when 

data was not pooled, MMP2 levels in samples 308cells/286supernatant and 

http://www.jmp.com/
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Figure 4.1. Density of MMP2 in naïve ovine microglia clones. MMP2 transcript levels were 

compared between naïve immortalized ovine microglia clones from at least 3 independent 

replicate assays. Along the y-axis is the raw MMP2 density plotted as points for each replicate, 

superimposed on a box plot configuration that includes horizontal lines to indicate upper, middle 

or median, and lower quartiles (top to bottom). The x-axis lists the microglia clones arranged in 

order of least to most permissive to scrapie prions (left to right).  * - p < 0.05; ** - p < 0.01           
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Figure 4.2. Density of MMP2 in naïve ovine microglia sublines. MMP2 transcript levels were 

pooled from control and experimental groups of naïve, immortalized, ovine microglia sublines, 

then scaled to 308cells/308supernatant from one independent assay. Along the y-axis is the 

MMP2 density normalized to 308/308 (slow prion accumulating subline) plotted as individual 

data points, and superimposed on a box plot configuration that includes horizontal lines to 

indicate upper, middle or median, and lower quartiles (top to bottom). The x-axis lists the 

microglia sublines arranged in order of slow to fast scrapie prion accumulation (left to right). * - p 

< 0.05 
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286cells/308 supernatant tended to resemble levels depicted in the control samples at 4 dps, 

respectively (i.e., 308cells/308supernatant and 286cells/286supernatant) (Figure 4.3).  

Although only one independent assay was performed, preliminary results of supernatant 

switching suggest switching is non-influential to expression of MMP2 transcript levels between 

the sublines.  

 These results indicate that MMP2 expression in clone 438 is significantly increased 

compared to intermediately-permissive clones (434 and 439Late), and MMP2 expression is not 

significantly different between highly-permissive (439Early) and poorly- permissive (438) ovine 

microglia clones. These results are in contrast to those depicted by Munoz et al. in which naïve 

and scrapie-inoculated poorly-permissive ovine microglia (438) had significantly increased 

MMP2 levels, compared to the highly-permissive clone, 439Early. These findings also suggest 

expression and transcription of MMP2 are not solely responsible for prion permissibility 

phenotype in ovine microglia. With subsequent passaging of clone 439, this clone adopted an 

intermediately-permissive phenotype (439Late), and with that, MMP2 expression levels 

significantly decreased. In the naïve microglia sublines, results suggest that MMP2 levels are 

significantly decreased in the fast prion-accumulating subline (i.e., 286), compared to a slower 

rate of accumulation in the other subline (i.e., 308). Preliminary results of the sublines also 

suggest that supernatant switching is not influential to MMP2 transcript levels. In conclusion, 

MMP2 is not directly related to prion permissibility in naïve ovine microglia clones, and any 

effect of MMP2 activity on prion permissibility would be multifactorial. MMP2 transcript levels 

were differentially expressed between the fast and slow, prion-accumulating sublines, and 

supernatant switching did not appear to effect levels of MMP2, but these results are from only 

one independent assay, so additional replicates are needed for validation of these findings. 

 In a couple of follow-up experiments, Dinkel et al. observed that MMP2 expression 

amongst microglia clones was not significantly different based on inoculation status (i.e., Mock 

versus Scrapie), and Munoz-Gutierrez et al., discovered a similar trend of MMP2 transcript 
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Figure 4.3. Density of MMP2 in supernatant switched samples. MMP2 levels were compared 

between controls (i.e., 308cells/308supernatant and 286cells/286supernatant) and experimental 

samples (i.e., 308cells/286supernatant and 286cells/308supernatant) at 1 and 4 dps, for one 

independent assay. Along the y-axis are microglia sublines arranged from slow to fast rate of 

prion accumulation (left to right). Raw MMP2 density is plotted on the x-axis. The two horizontal 

axes in the graph depict the origin of supernatant present for the sublines, and the right, 

opposing y-axis indicates the day supernatant was collected (i.e., 1 versus 4).  
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levels between the sublines in the presence of scrapie prions (data not shown). Both of these 

studies suggest inoculation status does not impact MMP2 expression in permissive clones, or in 

slow and fast prion-accumulating sublines. Future studies geared towards evaluating MMP2 

expression, relative to the expression of other genes (i.e., prion protein [PRNP], fibronectin 1 

[FN1], survivin [BIRC5]) could be beneficial in deciphering other factors that may contribute to 

prion permissibility and accumulation. Assessment of MMP2 in other cell culture lines 

permissive to scrapie prions (i.e., ID4, Rov) would also be advantageous, to determine if similar 

trends exists as observed in murine neuroblastoma cells and ovine microglia 
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  CHAPTER 5      HISTOLOGIC AND IMMUNOHISTOCHEMICAL 

 NEUROPATHOLOGICAL CHARACTERIZATION OF ATYPICAL SCRAPIE IN   

        EXPERIMENTALLY-INFECTED SHEEP 

 

 Atypical scrapie is a progressive, fatal, neurodegenerative disease that affects sheep 

and goats, and is classified as a transmissible spongiform encephalopathy (TSE). This scrapie 

variant was originally identified in 1998, from 5 field cases in 5 different flocks localized to 

Norway [8, 9], and has striking dissimilarities to classical scrapie in signalment, clinical signs, 

biochemical profile, and pathophysiological mechanism. Compared to classical scrapie, atypical 

scrapie tends to occur in older animals [8] with a presenting complaint of ataxia, and although 

infectious experimentally, natural cases are typically spontaneous, or with a low rate of 

infectivity [89]. Additionally, susceptibility to atypical scrapie is influenced by a genotype that 

confers resistance to classical scrapie (e.g., A136R154R171) [90]. On Western blot after proteinase 

K (PK) treatment, atypical scrapie produces a multiband pattern, whereas with classical scrapie, 

3 distinct bands are visible [9]. Neuroanatomical deposition and accumulation of PrPSc (Sc for 

scrapie) in atypical scrapie is highest at the level of the cerebellar and cerebral cortices [91], 

whereas in classical scrapie, brainstem nuclei in the obex are preferentially affected.  Since the 

initial discovery of atypical scrapie in Norway [9], eradication programs have detected 

occasional cases through either passive surveillance of clinical suspects, or active surveillance 

at slaughter and in fallen stock, within various countries throughout Europe, Australia, Canada, 

Japan, New Zealand, and the United States [12, 13, 15, 28, 29, 91-95]. In these reported cases, 

the timeline of discovery through ancillary testing varied from 1999 – 2016. The majority of 

atypical scrapie cases in Great Britain, Belgium, Portugal, Germany, and France were reported 

in the early 2000s, including one case in Great Britain from 1989 that was retrospectively 
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identified, but cases in the United States, Canada, New Zealand, and some in Australia were 

reported later in time (i.e., 2008 - 2016). This evidence indicates that although several of the 

initial cases were detected in Europe, since that time, the prevalence of atypical scrapie has 

become more widespread. 

 While European atypical scrapie has been widely and extensively studied, the discovery 

of atypical scrapie in the United States is relatively new. When known, European atypical 

scrapie has been reported to affect various breeds (i.e., Merino, Rambouillet), but in the US, the 

majority of initial cases have been in “black-faced sheep” such as Suffolk [12], and the reason 

for this is unknown. Additionally, homozygous and heterozygous genotypes A136R154Q171 and 

A136H154Q171 were reported in Europe, but in the US and Canada, a genotypic polymorphism 

homozygous for either leucine (L) or heterozygous for phenylamine (F) at codon 141 was 

initially reported (i.e. A136L141R154 Q171; A136F141R154 Q171). This evidence suggests that in US 

atypical scrapie cases, different breeds of sheep are more susceptible to disease, and the 

genetic profile is also variable, compared to cases in Europe. Currently, it is unknown if the 

European variant of atypical scrapie is analogous to the United States variant.  

 The aim of this project was to characterize the pathology and pattern of PrPSc deposition 

and accumulation in four, ARR/ARR sheep intracranially (i.e., intracerebrally) inoculated with 

brain homogenate from a natural, North American, atypical scrapie isolate, depicted in the study 

from Loiacono et al. [12]. These findings were then compared to other reported pathotypes, 

particularly from Europe but also from Canada, Australia, New Zealand, and Japan, to 

determine if this isolate was similar or disparate, suggesting the introduction of a novel isolate. 

Also, of interest, was comparing the pathologic lesions observed, to those described in classical 

scrapie. 

Multiple sections of brain were assessed for PrPSc localization and accumulation using 

previously established protocols [96, 97], with minor modifications. Nine areas of gray matter 

and two areas of white matter were evaluated: G1 (caudal medulla at the obex), G2 (cerebellar 
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cortex), G3 (superior colliculus), G4/5 (hypothalamus and medial thalamus), G6 (hippocampus), 

G7 (septum), G8 (cerebral cortex at level of G4/5), G9 (forebrain cortex at level of G7), W1 

(cerebellar white matter), and W2 (mesencephalic tegmentum). An additional section of more 

caudal medulla at the level of the central canal was also evaluated. Approximately 4-µm 

sections were routinely cut and used for routine histopathology (hematoxylin and eosin stained) 

and immunohistochemistry. Brains from two sheep with classical scrapie were used for 

comparison of histopathologic lesions and immunohistochemical staining patterns. 

 All hematoxylin and eosin (H&E) prepared slides of the various brain sections were 

evaluated independently by two board-certified veterinary pathologists, as a single blind trial. 

Defined lesions previously diagnosed in atypical scrapie disease [8, 9] (i.e., plaque-like 

aggregates, gliosis, neuronal necrosis, and neuronal vacuolation) were evaluated, and if 

present, severity (i.e., mild, moderate, severe) was recorded subjectively. A consensus was 

derived for any interpretations in which there was an initial discrepancy. The presence of 

frequent neuropil vacuolation was noted (data not shown); however, the lack of age-matched 

controls precluded the ability to definitively score or interpret the validity of this particular 

change. 

A dual combination of primary, anti-prion protein antibodies was used in this study (i.e., 

89/160 at a concentration of 10 µg/mL, and 99/97 at a concentration of 10 µg/mL). PrPSc 

immunolabeling was evaluated in all brain sections, and the character of the immunolabeling 

was recorded utilizing the nomenclature previously implemented [91]. PrPSc accumulation was 

graded on a subjective scale of 0–3 (0 = absence of immunolabeling; 1 = mild immunolabeling; 

2 = moderate immunolabeling; 3 = intense immunolabeling) based on the localization and 

severity for each brain section. For any given level of sectioning, IHC was performed on all 

experimental animals in the same run. 
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 The four experimental sheep are hereafter referred to as: “3913, 3914, 3916, and 3917” 

when not described as a single unit of four. Additionally, brain sections from two sheep (4124 

and 4130) infected with classical scrapie were used for comparison.  

 

             Results 

In addition to G1, caudal sections of medulla were also evaluated in all four animals, and 

these results were pooled together. In all four animals, there was minimal to moderate, globular 

and punctate immunolabeling of the dorsal, lateral, and ventral nerve tracts (cuneate fasciculus, 

spinocerebellar tract, spinal trigeminal tract, pyramids), as well as the medial lemniscus and 

medial longitudinal fasciculus (Figure 5.1a). In three animals (3914, 3916, 3917), the neuropil of 

several nuclei and the reticular formation were similarly stained, but with decreased frequency 

and a more limited distribution than the nerve fiber tracts. In the classical scrapie cases, the 

neuropil of the nuclei had extraneuronal, punctate to globular immunolabeling. Nerve fiber tracts 

had rare punctate to absent immunolabeling (Figure 5.1b). Affected nuclei in the atypical 

scrapie animals include external cuneate, spinal trigeminal, spinal vestibular, lateral reticular, 

hypoglossal, raphe, and rarely, dorsal motor nucleus of the vagus nerve, cuneate, gracilis and 

inferior olive (dorsal and medial). Intraneuronal immunolabeling was notably absent (Figure 

5.2a). Overall, 3913 had the least amount of PrPSc immunolabeling, as compared to the other 

animals. In the classical scrapie animals, the dorsal motor nucleus of the vagus nerve had 

abundant, frequent, intraneuronal, finely granular to punctate immunolabeling (Figure 5.2b). All 

other nuclei were similarly, but less severely affected. Less commonly, finely granular to 

punctate immunolabeling was in or adjacent to glial cells. In all four atypical scrapie animals, 

there was a mild to moderate increase in microglia and astrocytes (gliosis), particularly of the 

dorsal motor nucleus of the vagus nerve, with less involvement of the nucleus of the solitary 

tract. Rare, shrunken, hypereosinophilic neurons and/or rounded, hypereosinophilic spheroids  
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a)                                                                         b)

              

Figure 5.1. Immunolabeling of the spinocerebellar tract in atypical and classical scrapie. (a) 

Punctate to globular extracellular PrPSc immunolabeling in spinocerebellar nerve fiber tract. 

Animal 3917, caudal medulla, 20X, IHC. (b) Absence of PrPSc immunolabeling in 

spinocerebellar nerve fiber tract. Animal 4130, caudal medulla, 20X, IHC. 
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 a)                                                                        b) 

        

     Figure 5.2. Immunolabeling of the dorsal motor nucleus of the vagus nerve in atypical and  

     classical scrapie. (a) Absent PrPSc immunolabeling in the dorsal motor nucleus of     

  the vagus nerve. Animal 3917, caudal medulla, 40X, IHC. (b) Diffuse finely granular to  

  aggregated intraneuronal, intraglial, and neuropil immunolabeling. Note there is   

  vacuolation of the neuropil and occasional neurons are expanded by well-    

  circumscribed, discrete vacuoles. Animal 4124, caudal medulla, 40X, IHC. 
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were also in a few of the nuclei (i.e., external cuneate, spinal vestibular, spinal trigeminal, lateral 

            reticular nucleus).  

Sections of cerebellar cortex (G2) were evaluated in all four animals. The cerebellar folia 

were nearly diffusely affected by segmental to patchy immunostaining. The immunostaining was 

predominantly coalescing to discrete, finely granular in the molecular layer of all four animals, 

which often tapered in severity at the interface of the molecular and Purkinje layers (Figure 

5.3a). The immunolabeling was more prominent in the dorsal vermis as compared to the ventral 

vermis and lateral hemispheres. Three animals (3914, 3916, 3917) had mild punctate 

immunolabeling of the granular layer. In all four animals, the neuropil of the deep cerebellar 

nuclei had rare, widely-spaced, punctate and globular immunolabeling. Overall, 3913 had the 

least amount of PrPSc immunolabeling, as compared to the other animals. Mild to moderate 

gliosis (astrocytes and/or microglia) diffusely affected the folia of the vermis and hemispheres in 

all four animals. Glial cells often extended to the interface of the molecular and Purkinje cell 

layers. Additionally, there was mild segmental spongiosis of the Purkinje cell layer in all four 

animals, with loss of Purkinje cells. In the classical scrapie animals, punctate to globular 

immunolabeling was most prominent in the granular layer of cerebellar folia, with less frequent, 

finely granular and linear patterns. Rare punctate immunolabeling was in the molecular layer 

(Figure 5.3b). Deep cerebellar nuclei had finely granular to punctate, intraneuronal 

immunolabeling, with similar but less severe accumulation in the neuropil.  

 In the four animals inoculated with atypical scrapie, there was an absence of PrPSc 

immunolabeling in the caudal midbrain, including the superior colliculus (G3). Additionally, only 

minimal gliosis, as well as neuronal and axonal changes were observed on H&E in the superior 

colliculus. In the classical scrapie animals, the superior colliculi had mild to moderate, patchy, 

finely granular to punctate immunolabeling in neurons, in glia, around glia, and free in the 

neuropil.  
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   a)                                                                         b) 

 

Figure 5.3. Immunolabeling of cerebellum in atypical and classical scrapie. 

(a) There is patchy but diffuse, coalescing, finely granular PrPSc immunolabeling in the 

molecular layer of the cerebellum, and punctate PrPSc immunolabeling in the white matter of the 

folia. Note that there is rare PrPSc immunolabeling in the granular layer. Animal 3917, 

cerebellum, 10X, IHC. (b) PrPSc immunolabeling is absent from the molecular layer, but there is 

punctate to finely granular PrPSc immunolabeling in the granular layer. Animal 4124, cerebellum, 

10X, IHC. 
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 Sections of hypothalamus and medial thalamus (G4/5) were evaluated in all four 

animals. The hypothalamic sections from all four animals lacked immunolabeling. In the 

thalamus, there were frequent multicentric aggregates and fewer areas of punctate staining in 

several nuclei (i.e., ventral posteriolateral thalamic, ventral posteriomedial thalamic, 

ventrolateral, ventral anterior thalamic) with less common immunolabeling in the external 

medullary lamina, and rare involvement of the internal capsule in all four animals. This staining 

consistently resulted in a curvilinear pattern of deposition that extended from the ventral-median 

to the dorso-lateral thalamus, and less frequently the dorsal thalamus. Amorphous, lightly 

eosinophilic, moderately circumscribed, aggregates were more frequent on H&E in 3916 and 

3917 as compared to 3913 and 3914, which almost always coincided with the localization of 

aggregate forms on IHC. On H&E, these aggregates were sometimes surrounded by 

hypereosinophilic degenerate nerve fibers, few microglia, and occasional lipofuscin-laden 

microglia or macrophages. There was mild aggregate and punctate immunolabeling of the 

intralaminar and mediodorsal thalamic nuclei in two animals (3916, 3917), with moderate 

microgliosis in 3917. Mild microgliosis was in the periventricular and reuniens thalamic nuclei of 

3914. Overall, 3913 had the least amount of PrPSc immunolabeling as compared to the other 

animals. Multifocal to diffuse, periventricular punctate immunolabeling was in the medial 

amygdaloid region in two animals (3916, 3917). Punctate immunolabeling was also at the angle 

of the amygdalohippocampus-internal capsule-tail of the caudate nucleus, and had a more 

scattered distribution in the cerebral peduncle of the same animals. In the classical scrapie 

animals, the arcuate nucleus of the hypothalamus had diffusely, finely granular to less frequent 

punctate, intraneuronal immunolabeling. A similar immunolabeling pattern was in some thalamic 

and amygdaloid nuclei, but the distribution was variable between the two animals (4124 – few 

neurons, 4130 – numerous neurons). Some nuclei lacked PrPSc immunolabeling (i.e., ventral 

posteriolateral, ventral posteriomedial, mediodorsal). Punctate immunolabeling was in and 
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surrounded several glial cells. Vascular aggregates and finely granular perivascular 

immunolabeling were more frequent in the thalamus of 4124. 

Sections of hippocampus (G6) were evaluated in all four animals. Multicentric 

aggregates, with less frequent, finely granular immunolabeling predominated in the dorsal 

hippocampal commissure at the interface of white and gray matter, and at the medial most 

extent of the commissure (adjacent to entorhinal cortex) in 3914, 3916, and 3917. These 

aggregates disrupted the ventral, medial, and dorsal aspects of the hippocampal commissure. 

Similar, but less common aggregates were in the dorsal hippocampus between the dentate 

gyrus and CA1 for the same animals. In 3916, regionally extensive punctate immunolabeling 

was at the junction of CA3 with the dentate gyrus, and rare punctate foci were in the neuropil 

superior to CA1. Mild to moderate gliosis (mixture of astrocytes and microglia) partially to 

circumferentially surrounded these aggregates. In 3914, 3916, and 3917, there was mild to 

moderate microgliosis in multiple neuroanatomic locations (i.e., CA3, the junction of the dentate 

gyrus with CA3, the dentate gyrus, the area between CA1 and the dentate gyrus) with minimal 

involvement of CA1. The posterior thalamic nuclear group had aggregated and less frequent, 

finely granular immunolabeling. These areas coincided with aggregates on H&E. 

Immunolabeling extended slightly into the midbrain from the posterior thalamic nuclear group in 

3914, 3916, and 3917. Widely scattered, punctate, immunolabeled foci were in the subcallosal 

bundle and corpus callosum in animals 3916 and 3917, which were infrequent in 3914 and rare 

in 3913. Focal, globular, intraependymal immunolabeling was restricted to one animal (3914). 

With the exception of the subcallosal bundle and corpus callosum, additional PrPSc 

immunolabeling was absent in the hippocampus and other neuroanatomic regions of the 

forebrain in one animal (3913). In the classical scrapie animals, occasional pyramidal neurons in 

the hippocampus had intraneuronal, finely granular immunolabeling, with rare, punctate, 

intraglial accumulation. Rare neurons in the lateral geniculate nucleus also had similar 

immunolabeling. In 4130, there was regionally extensive, finely granular immunolabeling in the 
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neuropil of the dorsal hippocampal commissure and subjacent to ependymal cells.  Occasional 

perivascular aggregates surrounded small-caliber vessels. 

 Comparisons of PrPSc patterns in the basal nucleus of atypical and classical scrapie 

cases are depicted in Figure 5.4 (G7). Mild, punctate immunolabeling was in the neuropil of the  

lateral and medial septal nuclei of 3914, 3916 and 3917, with a complete absence of 

immunolabeling in 3913. In all 4 subjects, multiple neurons in the lateral septal nucleus were 

enlarged, rounded, and prominent, with a vesicular nucleus and clumped Nissl substance. The 

distribution of these atypical neurons was diffuse in 3913 and 3914, and multifocal in 3916 and 

3917. Additionally, scant to few, type II Alzheimer-like astrocytes were often adjacent to these 

aforementioned neurons. The lateral septal nucleus was infiltrated by mild to moderate gliosis 

(mixture of astrocytes and microglia). In 3916 and 3917 only, the medial septal nucleus 

exhibited similar, but milder neuronal and inflammatory changes. Amongst all animals, there 

was variation in the type and distribution of neuropil immunolabeling in the gray matter of the 

internal capsule. This included finely granular and regionally extensive (3913), punctate and 

multifocal (3917), aggregated to finely granular (3914), and widespread punctate to globular  

(3916). In all four animals, there was immunolabeling in the internal capsule white matter that 

varied from mild and punctate (3913, 3914), to moderate, punctate, and globular (3916, 3917). 

Immunolabeling was more widespread in 3914 as compared to 3913. Rare, punctate 

immunolabeling was in the corpus callosum (3917), globus pallidus, and putamen (3916). 

Tissue sections of putamen from 3913 and 3914, as well as the globus pallidus from 3914, were 

absent from examined histologic and immunohistochemical slides. The lateral olfactory tract had 

punctate to globular immunolabeling, which extended into the olfactory tubercle in 3913, 3916, 

and 3917. Although the lateral olfactory tract was absent from the tissue section for 3914, two 

punctate foci were in the olfactory tubercle. There was an absence of immunolabeling in the 

caudate nucleus; however, occasional type II Alzheimer-like astrocytes were in the caudate 

nucleus of one animal (3917). In the animals with classical scrapie, few to multiple neurons 
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Figure 5.4. Comparison of PrP
Sc

 immunolabeling at the level of the basal nuclei (G7) in     

atypical and classical scrapie. Categories for immunolabeling PrPSc patterns implemented by 

Moore et al. were utilized, and these patterns were recorded, averaged, and plotted per subject. 

Atypical scrapie subjects are depicted in blue, red, lime green, and purple; classical scrapie 

animals are depicted in aqua and orange. The y axis lists average immunolabeling scores, and 

types of PrPSc patterns are situated along the x axis. The predominant pattern in atypical scrapie 

cases was globular to punctate (GL/PL), whereas in classical scrapie, intraneuronal (ITNR), 

intra-astrocytic (ITAS), subependymal (SBEP), and finely granular to aggregate (FG/A) were 

most frequently observed.  Immunolabeling patterns: ITNR - intraneuronal, ITAS - intra-

astrocytic, ITMG - intra-microglial, STEL - stellate, SBPL - subpial, SBEP - subependymal, 

PRVS - perivascular, PVAC - perivacuolar, FG/A - fine granular and aggregates, PL - plaque-

like aggregates, LIN - linear, PN - perineuronal, VASC - vascular, GL/PT - globular and 

punctate. Note: Neuroanatomical areas included in the assessment at G7 were: lateral and 

medial septal nuclei, internal capsule (white and gray matter), and ventrolateral to ventral 

olfactory tract. 
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in various neuroanatomic locations of the tissue section (i.e., stria terminalis, caudate nucleus, 

lateral and medial septal nuclei, internal capsule – gray matter, piriform cortex, globus pallidus, 

putamen) had a predominance of finely granular, intraneuronal immunolabeling. Punctate to 

finely granular, intraglial and periglial immunolabeling was also less frequently and variably 

distributed in the aforementioned tissue sections. Finely granular perivascular and vascular 

aggregates, as well as finely granular ependymal and subependymal foci were rare.   

Immunolabeling of the cerebral cortex (G8 depicting the cerebral cortex at the level 

of G4/5) was confined to the interface between the cortex and the corona radiata in 3914, 3917, 

and 3916, and was often punctate to globular. Mild, segmental microgliosis was also present at 

this interface, with slight extension into the cortex in 3916 and 3917. In the corona radiata, there 

was variation in the character of PrPSc immunolabeling amongst some of the animals. The 

immunolabeling was more widespread in two animals (3916, 3917), comprised of multicentric 

aggregates largely localized to the gyral tips, and punctate to globular accumulation in the 

inferior corona radiata. In these same animals, the lateral gyri were most frequently and 

prominently involved with diminished immunolabeling of the medial/middle gyri. The locale of 

aggregates in the lateral gyri often coincided with similar, aforementioned aggregates on H&E in 

3916 (Figures 5.5a and 5.5b), but these aggregates were less overt on H&E in 3917. There 

was also mild microgliosis in the inferior aspect of the corona radiata of some gyri. Animal 3916 

also had mild, scattered perivascular edema.  In animal 3914, the immunolabeling in the corona 

radiata was punctate to globular in the gyral tips with rare punctate accumulation in the inferior 

corona radiata. Lastly, animal 3913 had only rare punctate immunolabeling that was confined to 

the periventricular white matter, and a focal, intraventricular aggregate adhered to the apical 

surface of a single ependymal cell.  

There was an absence of immunolabeling in G8 from classical scrapie animal 4124. 

Animal 4130 had abundant, finely granular and less frequent, punctate intraneuronal 

immunolabeling that was confined to few segments of laminar cortical neurons, and a regionally  
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a)                                                                          b)  

    

 Figure 5.5. Histopathology and immunolabeling of PrPSc aggregates in the cerebrum. (a) 

 Aggregates in the corona radiata with displacement of nerve fibers and mild gliosis, H&E, 40X.  

 (b) Immunolabeling of PrPSc multicentric aggregates coinciding with the localization of plaques 

 on H&E, IHC. Animal 3916, forebrain, 40X 
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extensive area of intertwined white and gray matter. Occasional perivascular aggregates, and      

            rare, finely granular immunolabeling in the ependyma were additional features. 

Immunolabeling of the gray matter in the forebrain cortex (G9 at the level of the 

forebrain cortex at G7) was rare, but when present, was often punctate, occurring at the  

interface of the cerebrocortex and corona radiata in two animals (3916, 3917) with slight 

extension into the cortex. No significant histopathologic lesions were in the cortex of any animal. 

PrPSc immunolabeling of the corona radiata in two animals (3916, 3917) was most pronounced 

in gyral tips, tapering in severity at the inferior base (adjacent to the lateral ventricle). The 

pattern varied from mainly multicentric aggregates to less common, globular and punctate 

immunolabeling. There were aggregates on H&E in the corona radiata of gyral tips that 

occasionally coincided with aggregates on IHC.   

Variable numbers of astrocytes and microglia surrounded these aggregates. Rare, 

punctate immunolabeling was widely scattered in the corona radiata of 3914, and there was an 

absence of immunolabeling in 3913. Additionally, there was moderate, widespread, punctate, 

periventricular immunolabeling (3916, 3917), and focal, globular immunolabeling of 

intraventricular debris (3913).  

For the classical scrapie animals, the dorsal aspect of G9 was unable to be evaluated for 

4130; however, few neurons in 4124 had finely granular, intraneuronal immunolabeling, with a 

similar intracellular pattern in rare glial cells. Additionally, few meningeal and corona radiata 

vessels had vascular to perivascular, aggregated to punctate immunolabeling. Finely granular 

ependymal and subependymal PrPSc accumulation was rare. In 4130, a focal, plaque-like, 

extraneuronal aggregate was in the cerebrocortex. 

In all four animals, the white matter of the cerebellum (W1) was assessed. The white 

matter of the folia had globular and punctate immunolabeling, with extension into but tapering of 

severity at the level of the ventral vermis (refer to Figure 5.3a). Occasional globular, 

periventricular immunolabeling was also in the same animals. No significant histopathologic 
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lesions were in the cerebellar white matter in any of the four animals. In the classical scrapie 

animals, mild, finely granular to punctate immunolabeling of glial cells and the 

neuroparenchyma was widely scattered in the cerebellar white matter. 

The mesencephalic tegmentum (W2) had an absence of immunolabeling, as well as 

significant histopathologic lesions in all four animals. However, the superior cerebellar peduncle 

possessed rare, globular immunolabeling in two animals (3913, 3914). In the classical scrapie 

animals, the dorsal tegmental bundle and medial forebrain bundle had rare punctate 

immunolabeling. However, the gray matter dissecting through the bundles had finely granular to 

punctate immunolabeling that was intraneuronal, intraglial, adjacent to glia, and free in the 

neuropil. The gray matter PrPSc accumulation in the medial forebrain bundle was more severe 

than in the dorsal tegmental bundle.  

 

       Discussion and Conclusions 

 Overall, the PrPSc localization and patterns of PrPSc accumulation are similar to those 

previously described for atypical scrapie [12, 13, 15, 28, 29, 91-94,98], indicating this atypical 

scrapie pathotype is not specific to the US and has a worldwide distribution. Gray matter PrPSc 

immunolabeling in the animals inoculated with atypical scrapie was of the greatest magnitude 

and diffusely distributed in the molecular layer of the cerebellar cortex. In various nuclei with 

PrPSc immunolabeling, accumulations were in the neuropil of those nuclei. Intraneuronal PrPSc 

deposits were absent in brain sections from all atypical scrapie-inoculated animals. Nerve fiber 

tracts in the various brain sections had more widespread PrPSc accumulation. The most frequent 

immunolabeling patterns in the current study included punctate, globular, and multicentric 

aggregates, which were all extracellular and also previously reported in the literature.  

 In contrast, the sheep infected with classical scrapie most commonly had intraneuronal, 

glial (peri- and intra-), perivascular to vascular, and subependymal immunolabeling (in order of 

decreasing prevalence). These immunolabeling types have been previously acknowledged and 
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described in other classical scrapie cases [99-101].  Additionally, the regions with the most 

pronounced PrPSc immunolabeling in the classical scrapie-infected sheep of the current study 

include the dorsal motor nucleus of the vagus nerve, granular layer of the cerebellum, superior 

colliculus, and hypothalamus. However, the atypical scrapie-infected sheep had absent to 

minimal immunolabeling in these areas, with a predominance of PrPSc immunolabeling in the 

lateral nerve tracts of the medulla, molecular layer of the cerebellum, corona radiata, thalamic 

nuclei, and hippocampal commissure.  

 Amongst the atypical scrapie-inoculated animals, animal 3913 had the least widespread 

amount of PrPSc accumulation. This animal succumbed to disease unassociated with prion 

infection during the experiment (abomasal empyting defect), so the relative paucity of PrPSc 

accumulation as compared to the other animals is likely due to the shorter incubation period. 

The remaining three sheep in the current study (3914, 3916, 3917) had longer post-inoculation 

intervals but still had only minimal to mild clinical signs. The lack of denser PrPSc accumulation 

as compared to previously published studies [29, 91] is likely due to the fact that these animals 

represent an earlier stage of disease progression, as previous studies investigated PrPSc 

deposition patterns in animals with more severe clinical signs.  

 Furthermore, there were some subtle differences in localization that were not noted in 

previous publications, to the best of the authors’ knowledge [12, 13, 28, 29, 91-93, 98]. For 

example, the hippocampal commissure and the dorsal hippocampus had aggregated and finely 

granular immunolabeling compared to previous reports of finely granular to nondisclosed type of 

immunolabeling in the hippocampus (the hippocampal commissure was not specifically 

mentioned in previous studies) [91, 98]. Additionally, finely granular immunolabeling was 

diffusely observed in up to three laminar layers of the neocortex in 3 separate brain lobe 

sections in a previous study [91], whereas in the current study, punctate to globular 

immunolabeling was largely restricted to the interface of the gray and white matter with rare 

involvement of the cortex in only 2 brain lobe sections. In other studies [91, 98], finely granular 
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to punctate to nondisclosed type of immunolabeling was in the caudate nucleus, whereas there 

was a complete absence of immunolabeling in the caudate nucleus in the current study. Also, 

punctate immunolabeling has been noted in the olfactory tract [98], but in the current study, 

punctate immunolabeling was also in the olfactory tubercle (olfactory tubercle not specifically 

mentioned in previous studies). In the current study, cerebellar cortical PrPSc immunolabeling 

was largely confined to the molecular layer, but in previous reports [12, 28, 29, 91], there was 

also greater involvement of the granular layer.  

 This diversity in localization of PrPSc deposition could be due to several possible 

reasons. First, as it is well-established, genotypic polymorphisms in PRNP can influence 

susceptibility to atypical scrapie infection [8, 102]. The sheep in the current study were 

homozygous ARR, but in other previously described studies [12, 91, 98], homozygous and 

heterozygous AHQ, ARQ, AFRQ, ALRQ, and ARR sheep were used, for example. However, as 

was previously reported, phenotypic expression is variable even within the same genotype, 

suggesting other molecular and cellular factors may contribute to this expression [91]. Second, 

the sheep in the current study were intracranially/intracerebrally inoculated with a natural 

atypical scrapie isolate, whereas sheep in other studies were spontaneously infected [12, 91] or 

orally inoculated [98]. This could have also contributed to variation in PrPSc localization due to 

alterations in disease pathogenesis. Lastly, the difference in immunolabeling localization could 

be due to differences in incubation time between the studies. In this study, the average 

incubation period was approximately 5 – 7 years of age, whereas in other studies it was 1 year, 

or the incubation interval was not specifically defined as atypical scrapie was detected during 

passive or active surveillance. The longer the incubation period, the greater propensity for PrPSc 

localization and accumulation in multiple areas. 

 Future directions include: a) an assessment of the transcriptomic profile in atypical 

scrapie, to identify if differential expression of genes exists relative to classical scrapie, and 

determination of correlations with prion permissibility, and b) comparison of the transcriptomic 
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profile between ARR and AFRQ sheep to identify if similar gene transcripts are also 

differentially-expressed in atypical scrapie. Additionally, the long incubation period, slow prion-

accumulating phenotype, and spontaneous origin of atypical scrapie is similar to human prion 

disease, so the identification of differentially-expressed genes and cellular processes in atypical 

scrapie could be extrapolated to human prion disease, validating the development of a human 

cell culture system. 
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     CHAPTER 6      CONCLUSIONS 

 

 Classical and atypical scrapie are relevant, economically and devastating TSE diseases, 

in which control and elimination are imperative. Although eradication programs have greatly 

diminished the number of scrapie cases, additional efforts could be implemented that target 

antemortem detection from a genetic perspective, including evaluating genes in addition to 

PRNP. Currently, definitive determinants of prion permissibility are not specifically known; 

however, several studies have highlighted genes that could potentially contribute to prion 

permissibility. Being able to identify determinants from in vivo models of atypical scrapie, 

coupled with determinants discovered in ex vivo models of classical scrapie, provides a plethora 

of genes that could not only be targeted and manipulated for the eradication of classical and 

atypical scrapie, but also extrapolated to human TSEs inspiring the development of a human 

cell culture model system. At this time, there is no human cell culture line in existence for further 

characterizing human TSEs at the molecular, cellular, or subcellular levels, in a species-specific 

model system. 

 In classical scrapie, when evaluated relative to PRNP, fibronectin 1 (FN1) showed 

promise as a potential determinant in ovine microglia, exhibiting a strong, negative correlation 

with prion permissibility. Marbiah et al. also observed that silencing of FN1 led to increased 

prion susceptibility in murine neuroblastoma cells. Although additional studies are needed, the 

results of both studies highly suggest that expression of FN1 is linked to prion permissibility and 

susceptibility, in at least two, distinct cell culture systems. Thus, development of future cell 

culture models of prion disease may want to target inhibition of FN1 expression. Survivin 

(BIRC5) was also strongly and negatively correlated with prion permissibility in ovine microglia. 

However, the low transcript levels of survivin in ovine microglia, preclude its use as a suitable 
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determinant in these cells, and with a role in anti-apoptosis, evaluation of the apoptotic pathway 

may prove more enlightening. Matrix metalloproteinase II (MMP2) was not observed to 

significantly affect prion permissibility in ovine microglia clones, but in a preliminary study 

involving ovine microglia sublines, significantly decreased MMP2 expression was present in 

cells with a fast rate of prion accumulation. Even though MMP2 levels were not influential to 

prion permissibility independently, the multifactorial interaction of MMP2 with other genes could 

contribute to prion permissibility. As observed with Marbiah et al., when the interaction of FN1 

with integrin α8 was impeded, this led to decreased secretion of MMP2 and subsequently 

increase prion susceptibility. Further analysis of MMP2 expression, coupled with the expression 

of other genes such as PRNP, is essential for detecting potential synergistic and non-synergistic 

links with prion permissibility or susceptibility. 

 Lastly, histologic lesions and PrPSc pattern and localization of atypical scrapie in the 

North American cases was similar to previous reports of atypical scrapie in Europe (particularly 

Great Britain), as well as Canada, Australia, and Japan. This indicates that although the 

prevalence of atypical scrapie has increased worldwide, the pathophysiology remains largely 

conserved. Since the appearance of atypical scrapie in North America is relatively new as 

compared to Europe, known factors contributing to the onset of disease in this location are few. 

Furthermore, there remains a limited understanding of disease pathogenesis, breed 

predisposition, and signalment of atypical scrapie, and the absence of a well-established, 

stable, atypical scrapie isolate or strain. Characterizing PrPSc protein neuroanatomical pattern 

and localization of atypical scrapie, with subsequent gene expression analysis could lead to the 

development of a suitable, experimental model of study, with retained emphasis on control and 

eradication. 
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