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CHAPTER 1  

 

1. Introduction of transmissible spongiform encephalopathies (TSEs) 

 

1.1. Definition 
 

Transmissible spongiform encephalopathies (TSEs) are also known as prion diseases. This is 

a group of progressive conditions/syndromes that affects the nervous system of humans and 

various animal species. They include bovine spongiform encephalopathy (BSE), scrapie, 

chronic wasting disease (CWD), transmissible mink encephalopathy (TME), feline 

spongiform encephalopathy (FSE), and others (CHESEBRO, 2003; LIBERSKI, 2012; LEE et 

al., 2013). In humans, among others, Creutzfeldt-Jakob disease (CJD) with a sporadic (sCJD), 

a variant (vCJD, the term new variant CJD is also used, here we will use the term vCJD), an 

iatrogenic and a familial subtype exists (HAÏK and BRANDEL, 2014). The characteristic 

features of TSEs comprise a long incubation period, multifocal spongiform changes, 

astrogliosis, neuronal loss, and absence of inflammatory reaction in brain tissue 

(CHESEBRO, 2003; IULINI et al., 2012). 

The cause of TSEs is still under debate but it has been widely accepted that a transformed 

host protein called prion (proteinaceous infectious particle), a novel type of infectious agent, 

represents the etiology of these progressive diseases (PRUSINER, 1982). 

 

1.2. History 

 

As far as history about TSE diseases is concerned, scrapie was the first naturally acquired 

prion disease known to the globe up to the 18th century. Scrapie transmission to healthy 

sheep and goats from an affected sheep was reported during the 20th century (CUILLE and 

CHELLE, 1936; CUILLE and CHELLE, 1939; CHELLE, 1942; DETWILER, 1992). 

Transmissible mink encephalopathy (closely resembles L-type bovine spongiform 

encephalopathy) as a food-borne disease of mink was first reported in the USA (MARSH and 

HADLOW, 1992) and was later on detected in several other parts of the world 

(SIGURDSON and MILLER, 2003). Kuru in humans was for the first time reported in 1957 

and infection occurred most likely due to ritualistic cannibalism (ingestion of brain tissue) in 

Papua New Guinea (GAJDUSEK and ZIGAS, 1957). The first case of feline spongiform 

encephalopathy (FSE) was reported in a domestic cat in early 1990s (WYATT et al., 1990; 



 

Chapter 1                                                                                         3 

 

      

 

BENCSIK et al., 2009), Chronic wasting disease (CWD) was firstly reported in 1967 as a 

clinical syndrome of unknown etiopathogenesis in a restrained mule deer, originating from a 

free-ranging population in Colorado, USA. A similar syndrome was identified in Wyoming 

(USA) in 1978, and a spongiform encephalopathy was observed in the same year in affected 

animals from several wildlife facilities in Colorado (WILLIAMS and YOUNG, 1980).  

Bovine spongiform encephalopathy (BSE) was first reported in the UK in 1986 in cattle. 

Recycled meat and bone meal from sheep with scrapie may be the cause for BSE in cattle. 

Cattle being fed the remains of other cattle in form of meat and bone meal caused the spread 

of the infectious agent (WELLS et al., 1987; WILESMITH et al., 1988). As a result a large 

epidemic occurred that affected more than 182,000 cattle in 13 European countries, Canada, 

the USA and Japan (GAVIER-WIDEN et al., 2005). Due to the implementation of rapid 

screening tests and active surveillance (ANONYMOUS, 2001), BSE was also identified in 

those European countries that were previously supposed to be BSE disease free countries. 

Recently, outbreaks of TSE have been reported in small ruminants in a wide range of 

countries, with the exceptions of Australia and New Zealand (GAVIER-WIDEN et al., 2005). 

The typical features of TSEs in different animals have been shown in table 1.  

 

Table 1. Typical features of TSEs including year of first description, route of 

transmission, clinical signs and other features (adapted from RICHARD et 

al., 2000 with modification)               

 

 

 

 

TSEs in 

Animals  
Year of first 
description 

Route of 

transmission 

Typical clinic and 

other features 

References 

Scrapie (sheep 

and goats) 

circa 1750 Acquired 

(ingestion), 

horizontal 

transmission, 

vertical 

transmission 

uncertain 

Ataxia, pruritus Cuille and 

Chelle, 1936; 

Cuille and 

Chelle, 1939; 

Chelle, 1942; 

Konold et al., 

2010 

Sporadic 

Creutzfeldt–

Jakob disease 

(CJD) 

1920 Unknown. 

Somatic 

mutation or 

spontaneous 

conversion of 

PrP
c 
into PrP

Sc
 

Dementia, myoclonus, 

variable ataxia; 

spongiform changes; 

variable amyloid plaques 

(about 15% of cases) 

Kretzschmar, 

1993, Richard 

et al., 2000 
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Continuation of table 1 

TSEs in 

Animals  
Year of first 
description 

Route of 

transmission 

Typical clinic 

and other 

features 

References 

Familial 

Creutzfeldt–

Jakob disease  

1924 Associated with 

germline 

mutations in 

PRNP gene with 

autosomal-

dominant pattern 

of expression 

Same as CJD, 

longer survival;  

amyloid plaques 

more common 

Gambetti et al., 

2004 ; Richard 

et al., 2000 

Gerstmann-

Straussler-

Scheinkes 

syndrome 

1936 Associated with 

germline 

mutations in 

PRNP gene, 

autosomal-

dominant pattern 

Familial, ataxia, 

dementia;  

amyloid plaques 

Ravilochan and 

Tyler, 1992 

Kuru 1957 Ritualistic 

cannibalism, 

ingestion of brain 

tissue, skin 

Ataxia, tremor, 

cranial nerve 

abnormalities;  

amyloid plaques 

are common 

Gajdusek and 

Zigas, 1957 

Transmissible 

mink 

encephalopathy 

(mink) 

1965 Acquired 

(ingestion) but 

source unknown 

sheep with 

scrapie 

Ataxia, 

somnolence, 

seizures 

Richard et al., 

2000 

Chronic wasting 

disease (deer, 

elk) 

1980 Acquired 

(ingestion), 

horizontal 

transmission, 

vertical 

transmission 

unclear 

Altered behavior, 

excessive 

salivation, 

wasting; 

florid amyloid 

plaques 

Mathiason et al., 

2006 

Fatal familial 

insomnia 

1986 Associated with 

germline 

mutations in 

PRNP gene/ 

mutation at 

PRNP, 

autosomal-

dominant 

inheritance,  

Insomnia, 

dysautonomia, 

ataxia, 

myoclonus, late 

mild dementia; 

minimal 

vacuolation, no 

plaques, 

PrP
Sc

difficult to 

detect 

Ravilochan and 

Tyler, 1992 

Bovine 

spongiform 

encephalopathy 

(cattle, zoo 

ruminants) 

1987 Ingestion of BSE-

contaminated 

meat and bone 

meal 

Spontaneous 

diseased cow  

Ataxia, wasting Richard et al., 

2000, Wilesmith 

et al., 1988 



 

Chapter 1                                                                                         5 

 

      

 

 

Continuation of table 1 

TSEs in 

Animals  
Year of first 
description 

Route of 

transmission 

Typical clinic and 

other features 

References 

Feline 

spongiform 

encephalopathy 

1990 Ingestion of 

BSE-

contaminated 

food 

Altered behavior, ataxia Wyatt et al., 

1990; Bencsik 

et al., 2009 

Variant 

Creutzfeldt–

Jakob 

disease (vCJD) 

1996 Ingestion of 

BSE-

contaminated 

food. transfusion 

of blood from 

vCJD-infected 

blood donor.  

Young age at onset; 

psychiatric 

presentation, 

dysesthesias, ataxia; 

florid amyloid plaques 

Will et al., 

1996 

Sporadic 

familial 

insomnia 

1999 Same as fatal 

familial 

insomnia but 

negative family 

history; no 

mutation 

identified in 

either PRNP 

gene 

Same as fatal familial 

insomnia 
Mastrianni et 

al., 1999 

BSE= bovine spongiform encephalopathy, CJD = Creutzfeldt-Jakob disease, Sc = scrapie 

1.3.  Causative agent 

1.3.1. The prion theory 

The causative agent of transmissible spongiform encephalopathies is still not completely 

understood but several theories have been proposed. Historically researchers assumed the 

causative agent to be a slow virus infection but no virus was isolated from brain tissues of 

TSE affected animals (ALPER et al., 1966; PRUSINER, 1982; RIESNER, 2003). 

Furthermore the treatments that caused inactivation of most viruses and nucleic acid (e.g. 

heat, ionization radiation, alcohol, formalin, some proteases and nucleases) remained 

ineffective in controlling the infectious nature of the TSE agent (RICHARD et al., 2000). A 

protein as a causative agent for scrapie was firstly proposed in the mid-1960s (PATTISON 

and JONES, 1967; ALPER et al., 1966). GRIFFITH (1967) tried to explain the replication 

mechanism of proteins devoid of nucleic acids. Further studies confirmed that the chemical 

properties of the infectious agent are similar to protein molecules, thus supporting the 

protein-only hypothesis (PRUSINER et al., 1980). In 1982, PRUSINER demonstrated a small 

proteinaceous infectious (prion) particle as the primary component of the scrapie agent and 
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introduced the term prion. Prions consist of a misfolded prion protein (PrP) designated as 

PrP
Sc

 (Sc for scrapie); whereas the normal cellular prion protein is designated as PrP
C 

(C for 

cellular prion protein). This protein-only model of the prion theory suggests that a molecular 

mechanism is involved in replication of the TSE agent by which abnormally folded PrP
Sc

 

serves as a template or catalyst which recruits cellular PrP and transforms it to its 3-

dimensional infectious structure (BEEKES and McBRIDE, 2007; MORINET, 2014). 

1.3.2. Nomenclature 

 

The nomenclature of PrP species is complicated. The normal cellular isoform is designated as 

PrP
C
 whereas PrP

Sc
 stands for the proteinase K resistant, misfolded protein that remains 

insoluble in denaturing detergent. However, there are exceptions in few diseases occasionally 

the pathological isoform of PrP fails to show proteinase K resistance (GABIZON et al., 

1996). Recently, the term PrP
TSE

 has been introduced for diseases associated PrP from TSE 

infected individuals to avoid the confusion with the complex PrP nomenclatures e.g. PrP
CJD

, 

PrP
CWD

, PrP
SEN

, PrP
res

, PrP
Sc

 and PrP
BSE

. The currently used nomenclature for the different 

prion isoforms is shown in table 2 (BROWN and CERVENAKOVA, 2005). 

 

Table 2. Nomenclature of different transmissible spongiform encephalopathies (TSEs)  

Disease name Natural host Prion name PrP isoform 

Non-human mammals 

Scrapie Sheep and goat Scrapie prion OvPrP
Sc

 

Transmissible mink 

encephalopathy (TME) 
Mink TME prion MkPrP

Sc
 

Chronic wasting disease 

(CWD) 

Elk, White-tailed deer, 

Mule Deer and Red Deer 
CWD prion MDePrP

Sc
 

Bovine spongiform 

encephalopathy (BSE) 
Cattle BSE prion BovPrP

Sc
 

Feline spongiform 

encephalopathy (FSE) 
Cat FSE prion FePrP

Sc
 

Exotic ungulate 

encephalopathy (EUE) 
Nyala and Greater kudu EUE prion NyaPrP

Sc
 

Human diseases 

Kuru 

Humans 

Kuru prion 

HuPrP
Sc

 

Creutzfeldt-Jakob disease 

(CJD) 
CJD prion 

(New) Variant Creutzfeldt-

Jakob disease (vCJD, 

nvCJD) 

vCJD prion 

Gerstmann-Sträussler-

Scheinker syndrome (GSS) 
GSS prion 
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Ov = ovine, Mk = mink, MDe = mule and deer, Bov = bovine, Fe = feline, Nya = Nyala, Hu 

= human, Sc = scrapie 

1.3.3. PrP
Sc

 formation 

 

The normal cellular prion protein (PrP
C
) is a glycoprotein primarily present on the 

membranes of neurons, glial cells and in various organs including uterus, placenta, thymus, 

heart, lung, muscle and gastrointestinal tract (BUDKA, 2003). PrP
C
 is encoded by the prion 

protein gene (PRNP) and is highly conserved among different species (van RHEEDE et al., 

2003). PrP
C
 is attached to the cell surface by using a glycosylphosphatidylinositol (GPI) 

anchor (RIESNER, 2003). The normal cellular prion is an α-helical conformational copper-

binding protein with an approximately 220 amino acid residue (RIEK et al., 1996; 

HORNEMANN et al., 1997; GAVIER-WIDEN et al., 2005). In the central nervous system 

(CNS) PrP
C

 has several functions (Fig.1) including neuronal survival, neurite outgrowth, 

synapse formation, maintenance of myelinated fibers and protection against apoptosis or 

oxidative stress (WESTERGARD et al., 2007; AGUZZI et al., 2008). 

 

Fig. 1. Functions of normal cellular PrP
C
 (adapted with modifications from AGUZZI et al., 

2008 and learn.genetics.utah.edu) 
 

The abnormal, comparatively protease-resistant, ß-pleated sheet-rich isoform of PrP
C
 is 

traditionally called PrP scrapie (GAVIER-WIDEN et al., 2005). The formation of the 

pathological isoform of prion protein is thought to be activated either by a mutation of the 

normal cellular prion protein gene or by the transmission of pathogenic prion isoforms 

(DeMARCO and DAGGETT, 2004; AGUZZI et al., 2008). 
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The posttranslational modification of PrP
C
 into the abnormal pathological form occurs 

through a process of conformational changes, whose mechanism remains elusive until now. 

Studies using transgenic mouse models have shed some light on genetic and biochemical 

mechanisms responsible for the conversion. According to these models, PrP
C 

is converted 

into PrP
Sc

 by the formation of a PrP
C
/PrP

Sc
 complex, but this complex has never been isolated 

in pure form. Therefore, it remains unclear whether PrP
C
 binds to one or more additional 

macromolecules during the conversion process (PRUSINER et al., 1990; MEIER et al., 2003; 

AGUZZI et al., 2008). During conformational changes, ß-pleated sheets become dominant 

over the α-helical structure, resulting in a characteristic fibrillar aggregated structure in the 

brain as seen in many TSE diseases (PRUSINER, 1998; FRASER, 2002; PRUSINER, 2013). 

Spectroscopic measurements of PrP
C
 from healthy hamster brains demonstrated that PrP

C
 is 

mainly composed of α-helices (42%) with negligible amount of β-sheets (3%). On the other 

hand, PrP
Sc 

recovered from scrapie infected hamster brain consists of 43% β-sheets and 30% 

α-helices (PAN, 1993).  

PrP
C
 is normally present on the neuronal cell surface in contrast; PrP

Sc
 is found in the 

cytoplasm of affected cells and shows high resistance against common sterilization methods 

(e.g. autoclaving, heat and radiation), proteolytic enzymes, and conventional desinfectants 

including alcohol, formalin, and phenol (BELLINGER et al, 1987; BELL and IRONSIDE, 

1993). 

Once the abnormal isoform is formed or acquired (Fig. 2), it catalyzes the conversion of PrP
C 

molecules into PrP
Sc

 through an autocatalytic process (CAUGHEY and RAYMON, 1991). 

Breakage of these provides more PrP
Sc

 templates for further conversion of the cellular prion 

protein in neighbouring neuronal cells. Thus proteinase kinase (PK)-resistant, non-degradable 

PrP
Sc 

aggregates in the neuronal tissues are formed and serve as the most effective marker of 

prion diseases (McKINLEY et al., 1983). 
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Fig. 2. Conversion of normal PrP
C
 into abnormal misfolded PrP

Sc 
(adapted from AGUZZI 

and POLYMENIDOU, 2004 with modification). 

(1) The refolding or template assistance model highlights the interaction between an 

externally introduced misfolded protein form (PrP
Sc

) and normal cellular prion protein (PrP
C
). 

PrP
Sc

 utilizes the normal cellular prion protein as template to transfer itself into further PrP
Sc

. 

A high energy barrier may avoid further spontaneous conversion of the misfolded form. (2) 

The seeding or nucleation-polymerization model proposes that the normal cellular prion 

protein and the abnormal misfolded form are in a thermodynamic equilibrium. When several 

monomeric PrP
Sc

 molecules are mounted into a highly ordered and infectious seed, they can 

recruit further PrP
Sc

 and finally aggregate in the form of amyloid.  

 

1.3.4. Pathogenesis of TSEs 

The pathogenesis of prion diseases is also poorly understood. Among naturally acquired 

prion diseases, scrapie and BSE are the most relevant forms because of their economic 

importance. Futhermore, BSE plays an important role due to its transmission to humans and 

by causing vCJD (SCOTT et al., 1999; BEEKES and McBride, 2007). Infection begins upon 

ingestion of the TSE agent and subsequent invasion of the gut by the pathogen in the majority 

of cases of scrapie, BSE, TME, CWD, vCJD and kuru (GAJDUSEK, 1977). Ritualistic 

cannibalism seems to be one route of kuru transmission, and BSE contaminated foodstuff 

ingestion served as a source of vCJD. In comparison to other TSEs, scrapie and CWD are the 

only TSEs that are not only transmissible but also contagious. Infected placenta, abraded skin 

Heterodimer Homodimer 

Amyloid; not 

essential for 

replication 

 

 

Template assisted refolding 

 Conversion  

 prevented  

 by energy 

 barrier 

 Equilibrium 

   between 

 both forms 

    PrP
C 

PrP
Sc 

    PrP
C 

PrP
Sc 

Seed formation 

(very slow) 
Recruitment of  

PrP
Sc

 (fast) 
Infectious  

    seed 

     Amyloid 
Fragmentation 

into seeds 

Seeding Nucleation 

1 

2 
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and flesh of dead animals (in the form of meat and bone meal) are considered the major cause 

of horizontal or vertical transmission of scrapie in sheep (BROWN and GAJDUSEK, 1991; 

RACE et al., 1998; DETWILER and BAYLIS, 2003). Additionally mites, fly larvae and 

pupae serve as living harbours of ingestible infectivity (WISNIEWSKI et al., 1996; POST et 

al., 1999). Recently, prion agents were found in CWD infected cervid saliva (MATHIASON 

et al., 2006). Along ingestion, scarification of skin or gums is also an important route of agent 

entry into the body. In the case of kuru, transdermal/conjuctival invasion served as an 

alternative natural source of infection (GOODFIELD, 1997). In early stages of disease 

progression, infectious prion agents cross the mucous membrane barriers and can be detected 

in tonsils, Peyer’s patches, and lymph nodes of the alimentary canal (ANDRÉOLOTTI et al., 

2000; SPRAKER et al., 2002; JEFFREY and GONZÁLEZ, 2004; WELLS et al., 2005). This 

phenomenon of early lymphoid invasion has been demonstrated experimentally as early as 6 

weeks after infection in CWD (SIGURDSON et al., 1999) and at 3 months of age in naturally 

occurring scrapie in lambs (ANDRÉOLOTTI, 2004). 

After invasion of the infectious agent, a replication period lasting from months to years takes 

place in the lymphoreticular system (LRS) involving spleen and lymph nodes in most cases 

of TSEs. However, in BSE and in some scrapie cases, there is little involvement of the LRS 

(JEFFREY and GONZÁLEZ, 2004; WELLS et al., 2005). After incubation the infectious 

prion agent spreads towards the brain, where it progressively aggregates, resulting in fatal 

neurodegenerative alterations. The mechanisms involving the spread of prions from the 

alimentary tract or tonsils to the brain are inadequately investigated. Hematogenous and 

retrograde axonal routes, involving fibers innervating lymphoid tissues or the autonomic 

nervous fibers of the digestive tract, have been implicated (SIGURDSON et al., 1999; 

ANDRÉOLOTTI et al., 2000) resulting in a model of neuroimmune invasion that comprises 

two phases. The first phase is characterized by the widespread colonization of 

lymphoreticular organs by a mechanism that depends on B lymphocytes and follicular 

dendritic cells. The second phase involves the expression of PrP
Sc

 in the peripheral 

sympathetic nervous system (SNS) nerves and results in the prion distribution in the CNS. 

The neuronal spread of prion infectious agents from the enteric and peripheral nervous 

system to the spinal cord after oral uptake of the TSE agent from the gut was first proposed 

after an intra-gastric scrapie challenge to mice (KIMBERLIN and WALKER, 1989). Later, 

hamster adapted 263K scrapie served as a model to observe the neuronal spread of the prion 
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agent from the alimentary canal to the brain after oral uptake (BEEKES et al., 1998; 

McBRIDE et al., 2001). It was shown that the N. splanchnicus and N. vagus of sympathetic 

and parasympathetic systems; respectively, are the main routes of prion spread from the gut 

to the CNS. Efferent and afferent nerve fibers are used to reach either to the thoracic spinal 

cord (splanchnic nerves) or the solitary tract nucleus and the dorsal motor nucleus of the N. 

vagus. Centripetal and centrifugal spread of the prion agent to the cervical and lumbal spinal 

cord originating from the thoracic spinal cord (McBRIDE et al., 2001; BALKEMA-

BUSCHMANN et al., 2011; KAATZ et al., 2012; McGOVERN et al., 2015). Sheep and 

goats naturally or experimentally infected with prion disease have shown a significant 

propagation of the scrapie agent in lymphoid organs including Peyer´s patches, spleen and 

lymphoid ganglions during the early stage of infection. With the progression of the disease 

the agent is present in several tissue and fluids with high infectious titers in the brain. In the 

case of cattle TSE, infectivity is mainly detected in different parts of the CNS, the peripheral 

nervous system and autonomic nervous system.  

1.3.5. Pathological characteristics of TSEs 

 

Neuropathologically, TSEs are characterized by spongiosis or vacuolation in the neuropil 

(vacuolation of neuronal processes), and/or neuronal bodies showing single or multiple 

vacuoles in the perikarya of neurons (WELLS et al., 1987; WELLS et al., 1989; WILLIAMS 

and YOUNG, 1993; SPRAKER et al., 2002). PrP
Sc

 aggregation and accumulation in neurons 

and glial cells in the brain is the characteristic feature of TSE and can be detected earlier than 

vacuolar changes (JEFFREY and GONZÁLEZ, 2004; SPRAKER et al., 2004). Other 

remarkable changes including neuronal cell death or loss, astrocyte proliferation and amyloid 

plaque formation are variably seen in some forms of human and animal TSEs (BUDKA et al., 

1995; WELLS and WILESMITH, 1995; LIBERSKI et al., 1998; LIBERSKI and BUDKA, 

1999; FRASER, 2002). Classical inflammatory responses against the infectious isoform of 

PRP
TSE

 are not initated presumable since the faulty protein is not recognized as foreign 

material by the immune system (GAVIER-WIDEN et al., 2005). The mechanism(s) causing 

brain damage through accumulation of PrP
Sc

 have not been fully elucidated. Although a 

noticeable accumulation of the pathological isoform is also present in the lymphoid tissue, no 

histological alterations in lymphoid tissues have been observed (GAVIER-WIDEN et al., 

2005). 
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1. 4. Clinical Manifestations  

 

Infected animals may develop signs of the disease slowly and many months and years after 

primary exposure. In cattle it may take 2 to 8 years from the time an animal becomes infected 

until it shows first signs of the disease. Signs include a change in attitude and behaviour, 

gradual uncoordinated movements, trouble in standing and walking, weight loss despite 

normal appetite, and decreased milk production. From the onset of signs, the animal 

deteriorates until it either dies or is destroyed. This disease process may take from 2 weeks to 

6 months after first initial clinical signs have been noticed. Similar symptoms consisting of 

muscle spasms, lack of muscle control, deteriorating problems with memory may develop in 

humans.  

 

1.5. Rodent models of prion disease and brain pathology in hamsters 

 

Due to the unavailability of cell culture systems for pathogenetic studies of prion diseases, 

conventional or transgenic animal models provide an opportunity to study most aspects of 

prion propagation and infectivity (WATTS and PRUSINER, 2014). Previous in vivo studies 

on TSEs were carried out mostly in the natural host species. Rodent models expressing 

cellular prion proteins from different species provide the opportunity to study the disease in a 

more formalized manner. These models help to understand the neuropathological 

mechanisms on the molecular level, normal functions of PrP
C
, species barrier mechanisms, 

cell specificity, role of glycosylation, prion agent spread mechanism and interaction between 

PrP
C
 and PrP

Sc
 (GROSCHUP and BUSCHMANN, 2008). They also shed some light into 

mapping of prion protein segments which are involved in prion conversion and replication 

and helped to understand the role of the host prion gene in the genetic control of the disease 

(BARON, 2002; GROSCHUP and BUSCHMANN, 2008). 

 

1.5.1. Conventional rodent models 

 

Since the first transmission of scrapie to mice, the use of animal models has laid the basis for 

a more comprehensive understanding of prion diseases (CHANDLER, 1961). Over the years, 

rats, golden hamsters and voles were also used as animal models (CHANDLER, 1971; 

CHANDLER and FISHER, 1963; CHANDLER and TURFREY, 1972). These animal 

species provide a great opportunity to study disease characteristics in more detail due to the 
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short incubation time compared to the natural hosts (see table 3 for brief description of these 

models and their origin). Initial experiments performed on Syrian hamsters (SHa) allowed the 

prediction of the prion protein theory (PRUSINER et al., 1980). Successful experimental 

transmission of prion isolates has also been reported to non-human primates including 

monkeys (macaque and squirrel), lemurs and chimpanzees (GIBBS et al., 1994; WILLIAMS 

et al., 2007; LASMÉZAS et al., 2005). 

 

Table 3. Origin and diversity of experimental TSE strains in rodents (adapted from 

BERINGUE et al., 2008). 

 

Name/abbreviation 

of strains 

Origin  Passage in 

intermediate 

species 

Host References 

ME7 

 (Prn-a)  

Sheep scrapie
a
 None Mouse Bruce, 1993; Bruce 

et al., 2002 

87A  Sheep scrapie
a
  None Mouse (Prn-

a) 

Bruce and 

Dickinson, 1987 

221C  Sheep scrapie
a
  None Mouse (Prn-

a)  

Bruce et al., 2002 

87V  Sheep scrapie
a
 

SSBP/1
b
  

None, goats
c
  Mouse (Prn-

b)  

Bruce, 1993; Bruce 

et al., 2002 

79A  SSBP/1
b
  goats

c
  Mouse (Prn-

a)  

Bruce, 1993 

79V  SSBP/1
b
  goats

c
  Mouse (Prn-

b)  

Bruce, 1993 

139Ad  SSBP/1
b
  goats

c
  Mouse (Prn-

a)  

Chandler and 

Fisher, 1963 
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Continuation of table 3 

Name/abbreviation 

of strains 

Origin  Passage in 

intermediate 

species 

Host References 

22C  SSBP/1
b
  None, goats

e
  Mouse (Prn-a)  Bruce, 1993 

22H  Uncloned 22C  None, goats
e
  Mouse (Prn-b)  Bruce, 1993 

22L  SSBP/1
b
  None  Mouse (Prn-a)  Bruce, 1993 

22A  SSBP/1
b
  None  Mouse (Prn-b)  Bruce, 1993 

22F  Cloned 22A  None Mouse (Prn-a)  Bruce, 1993 

301Cf  BSE  Direct or not  Mouse (Prn-a)  Bruce  et al., 

1994 

301V  BSE  Direct or not  Mouse (Prn-b)  Bruce  et al., 

1994 

139H  Cloned 139A  None  Syrian hamster  Kimberlin et 

al., 1987  

263Kg  SSBP/1
b
  goats

c
, mice, 

rats  

Syrian hamster  Kimberlin  and 

Walker , 1977 

ME7-H  Cloned ME7  None  Syrian hamster  Kimberlin and 

Walker, 1989 

HYh  TME
i
  None Syrian hamster Bessen and 

Marsh, 1992 

DY  TME
i
  None  Syrian hamster  Bessen and 

Marsh, 1992 

a = Field isolate; b = SSBP/1: sheep scrapie brain pool 1; c = Passage of SSBP/1 through 

goats: ‘drowsy’ goat source; d = also termed Chandler; e = Passage of SSBP/1 through goats: 

‘scratching’ goat source; f = not known if 301C yields to 301V in Prn-b mice; g = Sc237 is a 

subclone of 263K; h = similar to 263K?; i = TME: Stetsonville isolate, BSE: bovine 

spongiform encephalopathy  

 

1.5.2. Transgenic rodent models 

Mouse transgenesis has made enormous contribution to prion research (table 4). SCOTT et 

al. (1989) generated transgenic mice overexpressing hamster PrP
C
 that proved to be 

susceptible to 263K hamster prions in contrast to conventional mice. Nowadays a series of 

transgenic mouse lines is available which express mink, human, caprine, bovine, ovine, 
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cervid, and mouse PrP
C
 (table 4). In addition, SHMERLING et al. (1998), generated mouse 

models expressing transgenic PrP
C
 with amino-proximal deletions at residues 32-121 or 32-

134. These mice showed severe ataxia along with neuronal death in the granular layer of the 

cerebellum as early as 1-3 months after birth. This deficiency was recovered by introducing 

one copy of a wild-type PrP gene. PrP
C
 transgenic mice with deleted individual regions of the 

putative secondary structure demonstrated that lacking of one of the C-terminal helices lead 

to the incidence of CNS failures. This accumulation of PrP within neurons as cytoplasmic 

inclusions (MURAMOTO et al., 1997) highlights the probable role of α-helix in protein 

stability and normal trafficking. Glycosylphosphatidylinositol lacking transgenic (GPI–Tg) 

mice, inoculated with scrapie prion exhibited susceptibility to infection but an altered clinical 

disease manifestation and PrP
Sc

 deposits were noticed (CHESEBRO et al., 2005). On the 

other hand, the wild type mice inoculated with the scrapie prion generated the normal profile 

of prion disease; thus, highlighting the possible role of the GPI anchors in disease outcome. 

Transgenic mice expressing PRNP with point mutations, insertions, or deletions exhibited 

phenotypically a similar spongiform diseases (SIGURDSON et al., 2009). It has been 

observed that a moderate overexpression in transgenic mPrP (170N, 174T) mice (a mouse 

PrP with two point mutations that affect the structure of its globular domain) resulted in the 

generation of spongiform encephalopathy with cerebral PrP
Sc

 plaques. This genetic disease 

was restored by intracerebrally inoculation of brain homogenate to tga20 mice 

overexpressing wild type (WT-PrP) PrP (SIGURDSON et al., 2009). Transgenic mice allow 

to study the pathogenesis of several mutations related to different forms of genetic TSEs, the 

transmission barrier phenomenon (AGUILAR-CALVO et al., 2014) and hence to assess the 

relative risk of each TSE strain for humans. For example, tg650 mice expressing human PrP 

Met129 were inoculated with field isolates of different forms of BSE. Unlike the classical 

BSE agent, L-type BSE emerged to proliferate in these mice with no obvious transmission 

barrier, whereas H-type prions were unable to infect these mice (BERINGUE et al., 2008). 
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Table 4. Mouse models to study prion diseases mechanisms (adapted from BARON, 2002)  

BSE: bovine spongiform encephalopathy, Vcjd: variant Creutzfeldt-Jakob disease   

Mouse models Field of application References 

Wild-type mice 

Transmission and species barrier 

Fraser et al., 1992 ; 

Chandler, 1961 

Resistance to prion diseases  

Race and Chesebro, 

1998 

Genetic control of prion diseases  

Carlson et al., 1988 ; 

Lloyd et al., 2001 

Biological typing  

Bruce, 1996; Fraser and 

Dickinson 1973 

Molecular typing  

Baron and Biacabe, 

2001 

Putative role of associated factors in 

strain formation  
Somerville et al., 2002 

Knockout PrP 0/0 

mice  

 

Transmission studies and species barrier  Prusiner et al., 1993 

Studies of doppel (Dpl) protein Tuzi et al., 2002 

Hamster transgenic 

mice  
Transmission studies and species barrier Scott et al., 1989 

Mouse transgenic 

mice  

 

Models of human genetic disease  Manson et al., 1999 

Transmission studies and species barrier 
Fischer et al., 1996; 

Buschmann et al., 2000 

Human transgenic 

mice  

 

Transmission studies of CJD  Telling et al., 1994 

Putative role of associated factors in 

transmissibility  
Telling et al., 1995 

Biological typing of Vcjd  Hill et al., 1997 

Molecular origin of strains Telling et al., 1996 

Ovine transgenic 

mice  

 

Transmission of scrapie Crozet et al., 2001b 

Biological typing of BSE and scrapie  Crozet et al., 2001a 

Bovine transgenic 

mice  

 

Transmission of BSE  Buschmann et al., 2000 
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1.5.2.1. PrP knock-out models 

 

After development of the protein-only hypothesis, the generation of transgenic mouse strains 

lacking PrP
C 

expression (PrP knockout mice) helped to understand the physiological function 

of PrP
C 

and its role in neurodegenerative diseases in more detail. At least four lines of mice 

lacking PrP
C
 have been developed (WEISSMANN and FLECHSIG, 2003). Ablation of PrP

C 

in these models did not result in major anatomical and developmental deficits; however, these 

animals were resistant to scrapie challenge (BUELER et al., 1992; BUELER et al., 1993; 

PRUSINER et al., 1993; SAILER et al., 1994; WEISSMANN and FLECHSIG, 2003). After 

reintroduction of PrP transgenes in PrP knockout animals, the susceptibility to infection was 

restored confirming a correlation between host PrP
C
 and expression of TSE. Introduction of 

multiple prion gene copies to the mouse genome leading to the overexpression of PrP
C
, 

showed that the PrP
C
 expression concentration plays an important factor for prion disease 

susceptibility (PRUSINER et al., 1990; FISCHER et al., 1996; WEISSMANN and 

FLECHSIG, 2003; UCHIYAMA et al., 2014).   

 

1.5.3. Brain pathology in hamsters 

 

Transmission of scrapie prions to golden hamsters was first reported by ZLOTNIK and 

RENNIE (1965) using the ME7 strain of the scrapie agent. This was confirmed by 

CHANDLER and TURFREY (1972), who successfully transmitted scrapie to Chinese 

hamsters. Among the transmissible spongiform encephalopathies, the hamster 263K scrapie 

prion model is a rapid and well characterized model (BOLTON et al., 1991). A low 

concentration of prions can easily be detected with hamster prion models as compared to 

other models which are less sensitive (BOLTON, 1998). Incubation periods of scrapie in 

hamsters are remarkably short as compared to mouse models (KIMBERLIN and WALKER, 

1977). Hamsters inoculated intracerebrally with a high dose of scrapie prions develop clinical 

signs consisting of neurological dysfunction after 60-65 days. This is half of the incubation 

time found in mice (BARINGER et al., 1983).  

The prion burden remains stable in various CNS regions throughout the disease course and 

precedes pathological changes. Histologically, the cerebrum shows minimal vacuolation in 

the absence of astrogliosis prior to clinical signs. After the onset of clinical signs, severe 

vacuolation with moderate astrogliosis has been observed in the cerebral cortex. Cerebellum, 
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brain stem, and spinal cord display a moderate degree of vacuolation along with astrogliosis 

(BARINGER et al., 1983). 

 

1.5.3.1. Strain variations  

 

Concerning the causative agents of TSEs some reservations remain. A foremost question is 

whether the causative agents are exclusively composed of one specific abnormal isoform of 

the normal cellular prion protein. A major problem for the protein-only hypothesis of prion 

diseases has been how to explain the presence of multiple isolates or strains of prions. The 

existence of different prion strains was first observed in goats after inoculation with sheep 

brain homogenates (SSBP/1), which resulted in two different clinical disease phenotypes: a 

scratching and a drowsy syndrome (PATTISON et al., 1959). Now several discrete strains of 

naturally occurring sheep scrapie have been isolated in mice. Such strains are distinguished 

by their biological properties including distinct incubation periods and lesion profiles in 

defined inbred mouse lines (BRUCE et al., 1992). For instance, they can be serially 

propagated in inbred mice with the same Prnp genotype. Moreover, strains can be re-isolated 

in mice after passage in intermediate species with dissimilar PrP primary structures (BRUCE 

et al., 1994). Usually, distinct strains of conventional pathogens including bacteria and 

viruses are described by their difference in their nucleic acid genome. In the absence of such 

a scrapie genome, alternate prospects must be considered. WEISSMANN`s (1991) “unified 

hypothesis” suggested that strain characteristics could be encoded by a small cellular nucleic 

acid, or “coprion.” According to this hypothesis the strain characteristics would be sensitive 

to ultraviolet irradiation, but he failed to present such results. On the other hand, the protein-

only hypothesis proposed by GRIFFITH 1967 would have to explain how a single 

polypeptide chain might encode multiple disease phenotypes. Evidently, understanding how a 

protein-only infectious agent could convert such phenotypic information is of significant 

biological importance (COLLINGE, 2001). 

Strain specificity encoded by PrP itself was supported by the study of two distinct strains of 

TME prions propagated in hamsters, designated as hyper (HY) and drowsy (DY). These 

strains can be differentiated by differing biochemical properties produced by the accumulated 

PrP
Sc

 in the brains of affected hamsters (BESSEN and MARSH, 1992; COLLINGE, 2001). 

With limited proteolysis, strain-specific migration patterns of PrP
Sc

 were seen on 

polyacrylamide gels. They were linked to different N-terminal ends of HY and DY PrP
Sc

 



 

Chapter 1                                                                                         19 

 

      

 

following protease treatment and involved differing conformations of HY and DY PrP
Sc

 

(BESSEN and MARSH 1994; COLLINGE, 2001). Several human PrP
TSE

 confirmations 

related to different phenotypes of CJD have been identified (TELLING et al., 1996; 

COLLINGE et al, 1996; COLLINGE, 2001). The different fragment sizes after proteinase K 

treatment as seen on Western blots highlight the presence of different PrP
Sc

 conformations 

(SAFAR et al., 1998). Biochemically modified PrP served as candidates for the molecular 

substrate of prion strain diversity. This aspect has been elaborated on studies with CJD 

isolates. PrP
TSE

 fragment sizes and PrP glycoforms ratios (diglycosylated, monoglycosylated, 

and unglycosylated PrP) were maintained in human PrP expression in transgenic mice 

following passages. Additionally, transmission of human and bovine prions to wild type mice 

results in murine PrP
Sc

 with fragment sizes and glycoforms ratios corresponding to the 

original inoculum (COLLINGE et al 1996; COLLINGE, 2001). Vcjd is distinct from 

classical CJD on the basis of PrP
Sc

 glycoforms ratios. Related ratios are also observed in BSE 

in cattle and BSE transmitted to numerous other species. These observations intensely 

support the protein-only hypothesis of infectivity and indicate that strain variation is 

determined by the arrangement of PrP conformation and glycosylation. Moreover, 

polymorphisms shown by the PrP sequence can affect the generation of specific PrP
Sc

 

conformers. As glycosylation happens before changing to PrP
Sc

, the diverse glycoforms ratios 

may signify selection of specific PrP
C
 glycoforms by PrP

Sc
 of diverse conformations. 

Following such a hypothesis, PrP conformation would be the major factor determining the 

strain type, with glycosylation as a secondary process. However, as it is observed that 

different cell types glycosylate proteins differently, PrP
Sc

 glycosylation forms might offer a 

substrate for the neuropathological targeting that discriminates diverse prion strains 

(COLLINGE et al 1996; COLLINGE., 2001). Specific PrP
Sc

 glycoforms might replicate well 

in neuronal populations expressing a similar PrP glycoforms on the cell surface. Such 

targeting could also help to explain the different incubation periods that also allows 

distinguishing strains. Subsequently, targeting of brain regions with higher levels of PrP 

expression will likely yield shorter incubation periods (SAFAR et al., 1998). The results also 

suggested that different conformations of PrP
Sc

 could encipher properties of different prion 

strains characterized by altered pathological behaviours (SAFAR et al., 1998). Furthermore, 

it was shown that from a single source of a scrapie agent a mixture of strains could be 

isolated (KIMBERLIN and WALKER, 1978). However, it is still unclear if these sub-strains 

are stable in themselves or are dependent on the co-existence of their “partner strains”. 
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1.6. Synaptic pathology in neurodegenerative diseases 

 

Despite the significant importance of neuronal death in neuropathology of prion diseases, the 

events and mechanism(s) that lead to neuronal dysfunction and ultimately neurodegeneration 

remain inadequately understood. The suggestions of a possible correlation between cognitive 

decline and synaptic loss in Alzheimer’s disease have opened new avenues in the prion field 

too (TERRY et al., 1991). There is a growing body of evidence that indicates that synaptic 

dysfunction plays an early and important role in the development and progression of prion 

diseases and it may be an early key event in many neurodegenerative diseases (CLINTON et 

al., 1993; CUNNINGHAM et al., 2003; JEFFREY et al., 2000; SISKOVA et al., 2009; REIS 

et al., 2015).  

Immunohistochemical, ultrastructural and cellular studies have demonstrated that pre-

synaptic terminals in brain synapses are enriched in PrP
C 

(FOURNIER et al., 1995; 

HAEBERLE et al., 2000; BROWN, 2001). Early events in the development of prion diseases 

involve synaptic loss associated with deposition of abnormal PrP
Sc

 in synaptic boutons 

especially in pre-synaptic terminals (JEFFREY et al., 2000). Neurotransmission and exosome 

associated synaptic vesicle proteins e.g. synaptophysin and synapsin-I, and proteins of pre-

synaptic plasma membrane e.g. synaptosomal-associated protein of 25kDa (SNAP-25) and 

syntaxin-I, are reduced in patients suffering from prion diseases (FERRER, 2002; FERRER 

et al., 1999). These proteins play a vital role in exocytosis and neurotransmission, and some 

of these proteins contribute for normal synaptic function. Therefore, it may be assumed that 

pre-synaptic modulation is damaged in prion diseases (FERRER, 2002). However, reduction 

in synaptic protein expression should not be considered as an exclusive cause of synaptic 

loss. Impaired or abnormal protein synthesis or turnover may also represent a complementary 

event in synaptic dysfunction (FERRER, 2002). Synaptic dysfunction is an essential and 

constant feature of prion disease, irrespective of the existence or lack of spongiform changes, 

neuronal loss and severe gliosis (CLINTON et al., 1993). In rodent models of 

neurodegenerative diseases it is well documented that synaptic pathology precedes the 

degeneration of neuronal cell bodies in the hippocampus (CUNNINGHAM et al., 2003; 

JEFFREY et al., 2000; SISKOVA et al., 2009). Malformed electrophysiological recordings in 

scrapie infected hamster hippocampal and cortical slices further substantiate the synaptic 

alterations (BARROW et al 1999). The murine ME7 scrapie model was among the first to 

present observations that allowed to distinct between synaptic dysfunction and neuronal cell 
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death (JEFFREY et al., 2000; CUNNINGHAM et al., 2003). In this model, synaptic 

degeneration within the stratum radiatum of the hippocampus is characterized by the 

degeneration of the pre-synaptic terminal, proceeding to the loss or degeneration of the post-

synaptic dendritic spine. In addition, these changes occur in the absence of detectable 

neuronal cell death (CUNNINGHAM et al., 2003; SISKOVA et al., 2009). Electron 

microscopic studies in the murine model showed that synaptic dysfunction and loss 

associated with PrP
Sc

 preceded neuronal loss and clinical onset of disease. Scrapie infected 

murine hippocampus revealed degenerated axon terminals at about 98 days post infection 

(dpi), whereas definite clinical scrapie is apparent not before 226 dpi (JEFFREY et al., 2000; 

SISKOVA et al., 2009). Intact synapses have pre-synaptic terminals packed with electron-

lucent cytoplasm, characteristic small round synaptic vesicles and opposing bar-like post-

synaptic densities. Degenerating synapses in prion disease are characterized by the presence 

of electron dense pre-synaptic terminals, the loss of integrity of vesicles and other organelles. 

The pre-synaptic membrane remains intact and the post-synaptic membrane appears to be 

increased in the curvature and thickness. With the progression of the disease the post-synaptic 

membrane progressively curves around degenerating pre-synaptic elements (SISKOVA et al., 

2009). In advanced stages of prion disease the pre-synaptic terminal appears to be completely 

engulfed by a post synaptic density (SISKOVA et al., 2009).  

 

1.6.1. Mechanisms of synaptic dysfunction 

 

Apart from the obvious significance of synapse degeneration in neurodegenerative diseases 

extremely little is known about the basic cellular and molecular events by which a misfolded 

protein leads to synapse degeneration or dysfunction. Neuronal cell loss, spongiform 

appearance and gliosis are prime features of prion diseases; however, the first noticeable 

changes emerge to be related to synaptic dysfunction (JEFFREY et al., 2000; SISKOVA et 

al., 2009; REIS et al., 2015). In the murine ME7 model of prion disease, early behavioral 

deficits emerge in conjunction with PrP
Sc

 deposition and synaptic dysfunction preceding 

neuronal death (JEFFREY et al., 2000; RUSSELAKIS-CARNEIRO et al., 2004; SOTO and 

SATANI, 2010). Studies performed on knock-out mice have also highlighted the role of 

prion proteins in synaptic function (COLLINGE et al., 1994). PrP
C
 enriched in the synapses 

interacts with proteins participating in synaptic transmission e.g. synaptophysin (FOURNIER 
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et al., 1995; HAEBERLE et al., 2000; BROWN, 2001). Immunohistologically, abnormal 

PrP
Sc

 staining is found in the region of neuronal cell bodies and dendrites, mimicking 

synaptophysin distribution, also signifying abnormal PrP
Sc

 accumulation in synaptic 

structures (KITAMOTO et al., 1992; FOURNIER et al., 1995). During the initial stages of 

the disease, PrP
Sc

 accumulates in membrane lipid rafts. This accumulation leads to the 

detachment of caveolin and synaptophysin from these membrane domains and probably 

impacts synaptic function (RUSSELAKIS-CARNEIRO et al., 2004). Exocytosis and 

neurotransmission linked proteins e.g. SNAP-25, syntaxins, synaptophysin cysteine string 

protein (CSP), VAMP-2, synapsin and Rab3a have also been reported to be decreased in 

prion disease in the CNS (FERRER et al., 2000; GRAY et al., 2009; HILTON et al., 2013). 

Biochemical analysis highlighted the fact that loss of synaptic vesicle proteins, especially 

CSP, VAMP-2, and synapsin precedes the changes of proteins in the post-synaptic division 

(GRAY et al., 2009). CSPα, as an important synaptic protein, exists in pre-synaptic terminals 

and forms a chaperone complex to maintain normal synapses (TOBABEN et al., 2001). It is 

of particular interest that mice lacking CSP demonstrate a synaptic degenerative phenotype 

(FERNÁNDEZ-CHACÓN et al., 2004). Depletion or reduction of CSPα results in an 

abnormal SNAP-25 conformation that resists soluble NSF attachment protein receptor 

(SNARE) complex formation, and is subject to ubiquitylation and proteasomal degradation 

(SHARMA et al., 2011a; YI and EHLERS, 2007). An impairment of the SNARE complex 

due to an alteration or reduction in SNAP-25 finally correlates to neurodegeneration 

(SHARMA
 
et al., 2011b; HE et al., 2003). Thus deletion or reduction of CSPα may result in a 

massive neurodegeneration at the synaptic level that impairs survival in the ME7 model of 

prion disease (FERNÁNDEZ-CHACÓN et al., 2004). 

Summarized, these data indicate that conversion of normal PrP
C
 to abnormal PrP

Sc 
affects the 

strength and function of synapses, ultimately leading to neurological damage and finally 

initiating the clinical onset of disease (HILTON et al., 2013).  

 

1.6.1.1. Role of mitochondria in synaptic degeneration 

 

Damage or dysfunctions of mitochondria are frequently associated with neurodegenerative 

diseases and it is well documented that neuronal synaptic function and mitochondria are co-

dependent (CASTELLANI et al., 2002; LI et al., 2004; SISKOVA et al., 2010). However, the 

exact mechanism of mitochondrial contribution to neurodegeneration has not been explored 
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completely. A recent study in the ME7 model reported that synaptic pathology was 

accompanied by alterations in mitochondria (SISKOVA et al., 2010). The phenomenon of 

early involvement of neuronal mitochondria is further detailed by the finding that N-acetyl 

aspartate (synthesized by neuronal mitochondria) level decreased in the thalamus and 

hippocampus as well as in brain areas associated with the early onset of behavioral deficits 

(SISKOVA et al., 2010). During the initial stage of prion disease, synaptic density remains 

unchanged. This requires decreased respiration which leads to reduction or silencing of 

mitochondrial function, followed by a withdrawal of the degenerated synaptic terminal from 

the remaining axonal portion. Neuronal mitochondria exhibit various morphological changes 

in the inner membrane following prion disease progression. Chronologically, succinate 

dehydrogenase and cytochrome c oxidase (COX) activity assays showed structural changes in 

mitochondria with functional impairment of complex IV activity in the initial stage of prion 

disease. Impairment of complex IV activity leads to compromised mitochondrial respiratory 

activity in prion disease and corresponds with the beginning of synaptic loss (SISKOVA et 

al., 2010). In addition, up-regulation of nitric oxide can be accompanied by astrogliosis in 

prion diseases (ALMER et al., 1999; GRAY et al., 2009). It is predicted that nitric oxide is an 

effective mediator of brain damage and may directly disturb mitochondrial function by 

interfering to the oxygen binding to complex IV (CLEETER et al., 1994; BOLANOS et al., 

1997; SISKOVA et al., 2010). In addition expression of nitric oxide may disturb 

mitochondrial respiratory chain complex I and IV activity (SMITH and LASSMANN, 2002; 

ZHANG et al., 2005; SISKOVA et al., 2010). During the initial stage of prion disease, a 

significant increase in neuronal nitric oxide synthase in the hippocampus has been observed 

(PICANCO-DINIZ et al., 2004; SISKOVA et al., 2010). The increased production of 

neuronal nitric oxide takes place in the stratum radiatum and a decline in the late disease 

stage are paralleling COX activity changes and hence justifying the idea of nitric oxide 

involvement in the damage of mitochondria in the ME7 scrapie model (SISKOVA et al., 

2010). In ultrastructural studies of the ME7 murine model, neuronal mitochondria appeared 

reduced in number, swollen, having significantly large diameter and poorly defined swollen 

cristae as compared to healthy wild type mice (SISKOVA et al., 2010). Due to the presence 

of morphological defects and complex IV activity dysfunction, the respiratory capability of 

neuronal mitochondria in prion disease could be compromised in the initial stage of the prion 

disease and may correspond to the initiation of synaptic dysfunction. A misbalance in 
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reactive oxygen levels, along with other changes, could be induced and may contribute to the 

intensification of neuropathological processes (SISKOVA et al., 2010). 

 

1.7. Aims of the study 

 

It is well-known that the gene encoding the prion protein (PRNP) critically influences the 

susceptibility of small ruminants for certain forms of TSEs, which has contributed to the 

development of selective breeding programs, for instance of sheep with a lower susceptibility 

to scrapie (AGUILAR-CALVO et al., 2014). Moreover, transgenic mice expressing a certain 

polymorphic variant of the goat PRNP gene are resistant to scrapie and BSE (AGUILAR-

CALVO et al., 2014). However, whether the genotype similarly has an impact on the 

susceptibility of goats for BSE remained enigmatic so far. A detailed elucidation of this 

question has important implications for the control of TSEs as it will contribute to identify 

appropriate genotypes, which could selectively be chosen for targeted breeding programs of 

goats. 

While abundant data exist, which contributed to a detailed insight into the neuropathogenesis 

of TSEs in the brain itself, comparatively less is known about the involvement of the 

vegetative nervous system and the spinal cord, even though the sympathetic nervous system 

has been demonstrated to play a pivotal role in the initial spread of prions in BSE-infected 

cattle. Research upon BSE has mainly focused on cattle; however, the pathogenesis in goats 

has been subjected to little research so far. Moreover, the cellular and molecular constituents 

and mechanisms that facilitate the spread of the agent remain undetermined. 

Thus, the present study aimed to (i) clarify the effect of certain PRNP genotypes in the oral 

transmission of the BSE agent to goats, (ii) to detect axonal cytoskeletal and transport 

disturbances during the course of BSE in the spinal cord and peripheral tissues of 

experimentally infected goats, and lastly (iii) to unravel potential ultrastructural changes in 

the superior cervical ganglion of experimentally BSE-infected goats with a special emphasis 

upon synapse pathology. 
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Chapter 2  EFFECT of Q211 and K222 PRNP 

POLYMORPHIC VARIANTS IN THE 

SUSCEPTIBILTY OF GOATS TO ORAL 

INFECTION WITH GOAT BOVINE 

SPONGIFORM ENCEPHALOPATHY 

 

AGUILAR-CALVO, P., FAST, C., TAUSCHER, K., ESPINOSA, J-C., GROSCHUP, M. H., 

NADEEM, M., GOLDMANN, W., LANGEVELD, J., BOSSERS, A., ANDREOLETTI, O. 

TORRES, J-M. 

BACKGROUND: The prion protein-encoding gene (PRNP) is one of the major 

determinants for scrapie occurrence in sheep and goats. However, its effect on bovine 

spongiform encephalopathy (BSE) transmission to goats is not clear. 

METHODS: Goats harboring wild-type, R/Q211 or Q/K222 PRNP genotypes were orally 

inoculated with a goat-BSE isolate to assess their relative susceptibility to BSE infection. 

Goats were killed at different time points during the incubation period and after the onset of 

clinical signs, and their brains as well as several peripheral tissues were analyzed for the 

accumulation of pathological prion protein (PrP
Sc

) and prion infectivity by mouse bioassay. 

RESULTS: R/Q211 goats displayed delayed clinical signs compared with wild-type goats. 

Deposits of PrP
Sc

 were detected only in brain, whereas infectivity was present in peripheral 

tissues too. In contrast, none of the Q/K222 goats showed any evidence of clinical prion 

disease. No PrP
Sc

 accumulation was observed in their brains or peripheral tissues, but very 

low infectivity was detected in some tissues very long after inoculation (44-45 months) 

CONCLUSIONS: These results demonstrate that transmission of goat BSE is genotype 

dependent, and they highlight the pivotal protective effect of the K222 PRNP variant in the 

oral susceptibility of goats to BSE. 

KEYWORDS: BSE; PRNP polymorphisms; goats; susceptibility/resistance; transgenic mice 

 

Published in Journal of infectious diseases 2015, DOI: 10.1093/infdis/jiv112. 
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Chapter 3 BSE INFECTION OF GOATS ALTERS 

NEUROFILAMENT 

PHOSPHORYLATION STATUS OF 

SPINAL CORD AXONS 

 

NADEEM, M., SPITZBARTH, I., HAIST, V., ROHN, K., TAUSCHER, K., ROHN, K., 

BOSSER, A., LANGEVELD, J., GROSCHUP, M.H., BAUMGÄRTNER, W., FAST, C., 

GERHAUSER, I. 

 

Abstract 

 

Transmissible spongiform encephalopathies (TSEs) represent a group of progressive diseases 

that affect the nervous system of humans and various animal species. Recently reported 

bovine spongiform encephalopathy (BSE) infections in goats in the United Kingdom and 

France have brought small ruminant species into the focus of prion disease research. 

Immunohistochemistry was performed to detect axonal cytoskeletal and transport 

disturbances during the course of BSE in the spinal cord and autonomous ganglia of 

experimentally infected goats. Interestingly, the present study demonstrated abnormal 

expression of non-phosophorylated neurofilament (nNF) in axons of the white matter of the 

spinal cord, which was restricted to goats with clinical BSE. The results indicate axonal 

damage and disturbances in axonal transport during BSE in goats. However, whether 

abnormal nNF accumulations are related to disturbed axonal transport mechanisms in TSEs, 

the spread of TSE agents, and neuronal degeneration, has to be evaluated in future studies. 

Moreover, the study reports for the first time that there is immunohistochemical evidence for 

PrP
Sc

 deposition in spinal cord white matter glial cells of BSE positive goats, indicating the 

involvement of glial cells in the spread of the agent. 

 

Submitted for publication 
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TRANSMISSIBLE SPONGIFORM ENCEPHALOPATHIES (TSEs) including bovine 

spongiform encephalopathy (BSE) are devastating neurodegenerative disorders caused by 

conversion of the normal cellular prion protein (PrP
C
) into an abnormal isoform (PrP

Sc
; 

Prusiner, 1982; Chesebro, 2003). Following the discovery of two goat BSE cases in the UK 

and France (Eloit and others 2005; Jeffery and others 2006) small ruminants were considered 

to pose an BSE infection risk/source for cattle and humans in particular. In goats 

experimental TSE susceptibility strongly depends on polymorphisms in the prion protein 

gene (PRNP) (Aguilar-Calvo and others 2014; Aguilar-Calvo and others 2015). In particular, 

goats with R/Q211 polymorphism (IQQ/IRQ) and Q/K222 polymorphism (IRK/IRQ) show 

delayed or even absent clinical signs compared with wild-type goats (IRQ/IRQ) (Aguilar-

Calvo and others 2015). After oral infection of ruminants, the agent spreads via the 

autonomous nervous system, ultimately resulting in manifest disease in the brain (Van 

Keulen and others 2002; Hoffmann and others 2007; Kaatz and others 2012). However, the 

cellular and molecular mechanisms that facilitate the spread of prions within the nervous 

system and the involvement of the spinal cord in the pathogenesis of TSEs has been subjected 

to little research so far, even though PrP
Sc

 has been detected in the spinal cord (Flechsig and 

others 2000; Fukuda and others 2012; Kaatz and others 2012).  

The aim of the present study was to elucidate potential changes in the antigen expression of 

various immunohistochemical markers in regions of the sympathetic infection route, which 

have been demonstrated to represent key localizations for the spread of the BSE agent (Kaatz 

and others 2012), including the celiac and mesenteric ganglion complex (CMGC) and the 

spinal cord. Moreover, we sought to characterize ultrastructural changes in neurons of the 

superior cervical ganglion (SCG). 

Samples were collected during an oral BSE challenge (1g BSE-positive homogenized caprine 

brain) and serial kill study of Alpine-Saanen-mixed breed goats approved by the local 

authorities of the Federal State of Mecklenburg-Western Pomerania, Germany (LALLF 

7221.3-2.5-001/05). The goats carried different PRNP genotypes with differing susceptibility. 

Parts of the same population have been described in a previously published study (Aguilar-

Calvo and others, 2015; table 1). The animals were killed 6-45 months post infection (mpi; 

table 1). Formalin-fixed tissue samples were incubated for 1 h in 98% formic acid prior to 

paraffin embedding (Kaatz and others 2012). Three-micrometer sections were stained with 

haematoxylin and eosin (HE). 

 



34    Chapter 3  

 

 

 

Table 1: Summary of the animals used in the present study, their clinical BSE status 

and results of immunohistochemistry for abnormal prion protein in superior cervical 

ganglia, celiac and mesenteric ganglion complex, and spinal cord of controls, BSE-

infected goats, and their offspring (goat kids) 

Genotype 

 
Animal 

ID 

Animal 

consecutive 

number 

Gender Necropsy 

(months 

post 

infection) 

Clinical 

status* 

PrP
Sc

  

(IHC)** 

SCG 

PrP
Sc

  

(IHC)** 

CGMC 

PrP
Sc

  

(IHC)** 

Spinal cord 

IRQ/IRQ 

ZG 26 1 m 6 - n.d. - - 

ZG 32 2 m 6 - - - - 

ZG 35 3 m 6 - - - - 

ZG 19 4 m 12 - - - - 

ZG 24 5 m 12 - - - - 

ZG 30 6 m 12 - n.d. - - 

ZG 08 7 m 12 - - - - 

ZG 13 8 m 24 - - - - 

ZG 01 9 f 24 +++ n.d. + + 

ZG33 10 m 24 + + + + 

ZG 34 11 f 25 +++ n.d. + + 

ZG38 12 m 25 +++ + n.d. + 

ZG 39 13 m 25 - n.d. - - 

ZG 18 14 f 46 - n.d. - - 

IQQ/IRQ 

ZG 04 15 m 6 - - - - 

ZG 06 16 f 6 - n.d. - - 

ZG 36 17 m 6 - - - - 

ZG 21 18 m 9 - - - - 

ZG 22 19 m 12 - - - - 

ZG 31 20 m 12 - - - - 

ZG 28 21 m 33 +++ + n.d. + 

ZG 05 22 f 34 ++ n.d. + + 

ZG 12 23 f 34 - n.d. - - 

ZG 20 24 f 36 ++ n.d. + + 

IRK/IRQ 

ZG 16 25 m 6 - - - - 

ZG 23 26 m 6 - n.d. - - 

ZG 37 27 m 6 - - - n.d. 

ZG 02 28 m 12 - - - - 

ZG 09 29 m 12 - - - n.d. 

ZG 10 30 m 24 - - - - 

ZG 15 31 f 36 - n.d. - - 

ZG 25 32 f 44 - n.d. - - 

ZG 11 33 f 45 - - - - 

Controls 

(IRQ/IRQ) 

Kz-ISG 

1 
34 m 12 - - - - 

Kz-ISG 

2 
35 m 12 - - - - 

Horizontal 

controls 

(different 

genotypes) 

ZG 27 36 m 14 - - - - 

ZG 14 37 m 31 - - - - 

ZG 40 38 m 53 - - - - 

Goat kids 

(different 

genotypes) 

ZG 42 39 -- 27*** - n.d. - - 

ZG 44 40 -- 26*** - n.d. - - 

ZG 45 41 -- 26*** - n.d. - - 

ZG 46 42 -- 13*** - n.d. n.d. - 

ZG 47 43 -- 25*** - n.d. n.d. - 
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m = male, f = female, IHC = immunohistochemistry, SCG = superior cervical ganglion, CMGC = celiac and 

mesenteric ganglion complex, n.d. = not determined 

* - = no clinical signs; + = mild subclinical signs, ++, +++ = moderate to severe clinical signs; 

** - = negative in immunohistochemistry for PrP
Sc

; + = positive in immunohistochemistry for PrP
Sc

; 

*** = age of the animals (not infected) 

 

PrP
Sc

 was visualized using a monoclonal primary antibody as described (clone 6C2; Central 

Veterinary Institute, Wageningen UR, Lelystad, Netherlands; Kaatz and others 2012). 

Immunohistochemistry was additionally performed on CMGC and spinal cord sections using 

markers for microtubules, axonal motor proteins, axonal damage, intermediate filaments, 

peripheral and central myelin proteins, and antigen presenting cells as described (Seehusen 

and Baumgärtner, 2010; Bock and others 2013; Spitzbarth and others 2011; table 2). SCG 

samples were processed for ultrastructural analyses as described (Baumgärtner and others 

1987; Ulrich and others 2008). 

 

Table 2: Summary of the antibodies used to characterize neurons and satellite glial cells 

of the celiac and mesenteric ganglion complex in controls and BSE infected goats using 

immunohistochemistry 

Detected 

antigen 
Clonality 

Primary antibody 

(Supplier) 
Pretreatment 

Blocking 

solution 

Primary 

antibody 

dilution 

PrP
Sc

 Mouse mc 

Clone 6C2, Jan Langeveld, 

CIDC Lelystad, 

Netherlands 

Citric 

buffer/autoclave/20' 
- 1.50 

alpha-

acetylated 

Tubulin 

Mouse mc Sigma T 6793 Citric buffer/MW/20' 
Horse 

serum 1:5 
1:1500 

beta-APP Mouse mc 
Chemicon M348 Lot 

LV1622798 
Citric buffer/MW/20' 

Horse 

serum 1:5 
1:1250 

CNPase Mouse mc 
Millipore MAB 326 Lot 

LV 1567855 
Citric buffer/MW/20' 

Horse 

serum 1:5 
1:500 

GFAP Rabbit pc 
DAKO Z 0334 Lot 

23120676 
- 

Horse 

serum 1:5 
1:6000 

Iba-1 Rabbit pc Wako 019-19741 Citric buffer/MW/20' 
Horse 

serum 1:5 
1:500 

Kinesin 5 A Rabbit pc Sigma K 0889 Citric buffer/MW/20' 
Horse 

serum 1:5 
1:400 
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MAP-2 Mouse mc Chemicon, MAB 3418 Citric buffer/MW/20' 
Horse 

serum 1:5 
1:500 

MHC II Mouse mc 

DAKO M0746 HLA-DR 

Clone TAL.1B5 Lot 

00049249 

Citric buffer/MW/20' 
Horse 

serum 1:5 
1:40 

n-NF Mouse mc 
Sternberger Monoclonals 

Inc. SMI 311 Lot 9 
Citric buffer/MW/20' 

Horse 

serum 1:5 
1:1000 

p75
NTR

 Mouse mc 
Hybridoma, Clone HB-

8737, ATCC, USA 
- 

Horse 

serum 1:5 
1:5 

Periaxin Rabbit pc Sigma HPA001868 Citric buffer/MW/20' 
Horse 

serum 1:5 
1:2500 

p-NF Mouse mc 
Sternberger Monoclonals 

Inc. SMI 312 Lot 9 

Triton-X 0,25% in 

PBS 15' 

Horse 

serum 1:5 
1:8000 

Synaptophysin Mouse mc DAKO SY38 Citric buffer/MW/20' 
Horse 

serum 1:5 
1:50 

Tau-1 Mouse mc Chemicon MAB 3420 Citric buffer/MW/20' 
Horse 

serum 1:5 
1:2000 

Vimentin Mouse mc 
DAKO M 0725 Lot 

00051105 
- 

Horse 

serum 1:5 
1:75 

βIII TubulinIII Mouse mc Sigma T 8660 Citric buffer/MW/20' 
Horse 

serum 1:5 
1:8000 

20' = 20 minutes; beta APP = beta amyloid precursor protein; CNPase = 2',3'-cyclic-nucleotide 3'-

phosphodiesterase; GAP 43 = growth-associated protein 43; GFAP = glial fibrillar associated protein; Iba-1 = 

ionized calcium-binding adapter molecule 1; mc = monoclonal; MAP-2 = microtubules associated protein 2; 

MHC II = major histocompatibility complex class II; MW = microwave; n-NF = non-phosphorylated 

neurofilament; p75
NTR

 = low affinity neurotrophin receptor p75; pc = polyclonal; p-NF = phosphorylated 

neurofilament 

 

Clinical signs typical for BSE were detected in three IRQ/IRQ goats (animal numbers: 9, 11, 

12) and three IQQ/IRQ goats (animal numbers: 21, 22, 24), which developed 

hypersensitivity, weight loss, lethargy, and alopecia at advanced time points beginning at 24 

mpi (Aguilar-Calvo and others 2015; table 1). In the spinal cord, BSE-typical vacuolation of 

the neuropil and PrP
Sc

-deposition were evident in all clinical animals and one subclinical goat 

(case number: 10). Besides the grey matter, PrP
Sc

-positivity was observed in glial cells but 

not in axons of the spinal cord white matter in all 7 positive goats (table 3). Despite the lack 

of histological lesions PrP
Sc

 was detected in the SCG of three animals (case numbers: 10, 12, 

and 21). Unfortunately, SCG tissue was not available from some animals including the 4 

remaining PrP
Sc

-positive goats (table 1). In the CMGC, 5 animals displayed PrP
Sc

-
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immunopositivity (case numbers: 9, 10, 11, 22, and 24) and three of them also neuronal 

vacuolation (case numbers: 9, 11, and 22). No CGMC tissue was available in goats 12 and 21 

(table 1). Strikingly, expression of non-phosphorylated neurofilament (n-NF) was not 

detected in any spinal cord axon of the PrP
Sc

-negative animals, but was significantly up-

regulated in both swollen and normal appearing axons of the spinal cord white matter in 6 

PrP
Sc

-positive animals (figure 1). In contrast, expression of all other investigated antigens 

(table 2) was not influenced by the BSE status. Similarly, synapses were normal in SCG 

neurons in both control and PrP
Sc

-positive goats at the ultrastructural level. Mitochondrial 

swelling, cristolysis, and occasionally dilatation of rough endoplasmic reticulum was noted in 

animals of each genotype, PrP
Sc

-status, and age, thus most probably indicating post-mortem 

artifacts. 

 

Table 3: Summary of the deposition of prion protein in spinal cord grey and white 

matter of BSE-positive goats 

Groups 

(variants 

of prion 

genes) 

Animal 

consecutive 

number 

Animal 

internal 

number 

PrP
Sc

 

deposition 

grey matter 

(IHC) 

PrP
Sc

 deposition white matter 

(IHC) 

Neuronal 

vacuolation 

ST AT DT Axons  

IRQ/IRQ 9 ZG 01 +++ +++ +++ +++ - +++*
 

IRQ/IRQ 10 ZG 33 ++ + - - - + 

IRQ/IRQ 11 ZG 34 +++ ++ ++ + - + 

IRQ/IRQ 12 ZG 38 ++ + + + - + 

IQQ/IRQ 21 ZG 28 +++ +++ +++ +++ - + 

IQQ/IRQ 22 ZG 05 +++ + + + - ++* 

IQQ/IRQ 24 ZG 20 +++ + - - - +++* 

ST = spinal tract, AT = ascending tract, DT = descending tract,* = spongiform changes 

+ - +++ mild to severe immunopositivity 

 

The present study demonstrates for the first time that BSE infection of goats is associated 

with glial PrP
Sc

-deposition in the spinal cord white matter along with unsuspected alterations 

in the neurofilament phosphorylation status of axons. While absent in normal axons, 

abnormal neurofilament expression has been shown in various neurologic diseases including 

Creutzfeldt-Jakob disease (Gajdusek, 1985; Liberski and Budka, 1999; Tsunoda and 

Fujinami, 2002; Seehusen and Baumgärtner, 2010; Bock and others 2013). Axonal 

expression of n-NF in the present study is indicative of disturbances in axonal transport 

processes. Underlining this hypothesis, some immunopositive axons had an increased 

diameter (figure 1). 



38    Chapter 3  

 

 

 

 

Figure 1: Immunohistochemical demonstration of non-phosphorylated neurofilament 

(n-NF) in axons of a control animal and a goat with experimental infection with bovine 

spongiform encephalopathy (BSE). 

A: Spinal cord from a control animal with absent expression of n-NF in axons of the white 

matter of the spinal cord. B: Spinal cord of a BSE infected goat revealing increased axonal 

expression of n-NF in both axons with a normal appearing diameter (arrows) and swollen 

axons (spheroids, arrowhead) at > 24 months post infection, indicating axonal damage with 

disrupted axonal transport processes. Immunohistochemistry with the avidin-biotin-

peroxidase-complex method. Chromogen: 3,3'-diaminobenzidine. Bars = 20 μm. 

 

Synaptic disorganization and loss has been indicated as a constant feature of prion disease 

(Clinton and others 1993; Jeffrey and others 2000). Nevertheless, ultrastructural lesions were 

lacking in the SCG of PrP
Sc

-positive goats in the present study. Consequently, BSE-induced 

synaptic pathology in goats might be restricted to the brain itself, which has to be confirmed 

in future investigations. The lack of PrP
Sc

-deposition in IRK/IRQ animals substantiates their 

low susceptibility to clinical BSE (Aguilar-Calvo and others 2015). In contrast to earlier 

reports in cattle (Kaatz and others, 2012), PrP
Sc

-deposition was not detected in peripheral 

ganglia prior to involvement of the spinal cord (table 1). However, ganglia were not available 

from all animals excluding definitive conclusions on the time course of the infection. In 

summary, our findings suggest that axonal damage and disturbed axonal transport in the 

spinal cord white matter might play a so far underestimated role in the pathogenesis of TSEs. 
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Chapter 4: Discussion  

Transmissible spongiform encephalopathies (TSEs) including bovine spongiform 

encephalopathy (BSE) and Creutzfeldt-Jakob disease are fatal neurodegenerative diseases 

caused by the abnormal isoform (PrP
Sc

) of the host encoded normal cellular glycoprotein 

(PrP
C
) resulting in motor dysfunctions, dementia, spongiosis, astrogliosis, and neuronal loss 

(PRUSINER, 1982; CHESEBRO, 2003; ERMOLAYEV et al., 2009). Though intracerebral 

inoculation is the most efficient route for the propagation of TSE agents, the natural route of 

exposure appears to be oral (WILLIAMS and MILLER, 2003). Recent studies strongly 

support the importance of the lymphoreticular system as well as the peripheral nervous 

system (PNS) for neuroinvasion (KLEIN et al., 1997; KÜNZI et al., 2002, KAATZ et al., 

2012). In addition, the sympathetic nervous system seems to play a major role in the initial 

neural distribution (KAATZ et al., 2012). In cattle, the sympathetic route of BSE spread 

consists of the celiac and mesenteric ganglion complex (CMGC), superior cervical ganglion, 

splanchnic nerves, and the intermediolateral cell column of the thoracic spinal cord (KAATZ 

et al., 2012). In recent years comprehensive research activities have achieved significant 

progress in dissecting the spreading pathways of prion proteins of different TSEs, especially 

BSE and scrapie, in naturally as well as in experimentally challenged animals via the oral 

route. However, the exact subcellular mechanisms of transport and spread of the agent are 

enigmatic so far. A detailed knowledge of prion dissemination in the nervous system might 

not only specify new approaches for interfering with prion spread in the PNS, but might also 

help to identify therapeutic targets to prevent disease progression. 

The onset and distribution of cattle BSE disease specific prion protein accumulations in sheep 

and goats are strongly influenced by the genetic predisposition mediated trough the gene 

encoding the prion protein (AGUILAR-CALVO et al., 2014; McGOVERN et al., 2015). In 
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particular, the risk of disease development by prion infection is dependent on the 

polymorphism of the prion protein gene (PRNP). This has been observed in sheep with 

different PRNP genotypes orally infected with cattle-derived BSE agent (McGOVERN et al., 

2015) and in transgenic mice expressing either the Q222 (wild type) or the K222 variant of goat 

PrP
C
 intracerebrally infected with the goat scrapie agent (AGUILAR-CALVO et al., 2014). 

AGUILAR-CALVO et al. (2014) described that the K222 PRNP variant might affect PrP
C
-

PrP
Sc

 interaction and the conversion rate of PrP
Sc

 by the scrapie agent, ultimately resulting in 

a delayed incubation period and/or lower susceptibility of Q/K222 compared to wild type-PrP 

transgenic mice. The present study aimed to clarify whether the PRNP genotype also affects 

the susceptibility of goats to the BSE agent. To achieve this goal, goats harboring different 

PRNP genotypes including IRQ/IRQ (Wild type, abbreviated as WT), IQQ/IRQ (abbreviated 

as R/Q211), and IRK/IRQ (abbreviated as Q/K222) were orally infected with caprine BSE. 

WT goats developed the first clinical signs of TSE 24 months post infection (mpi), which 

were consistent with clinical signs previously reported in sheep and goats infected with BSE 

(FOSTER et al., 2001a; van KEULEN et al., 2008a). PrP
Sc 

deposits and neurodegenerative 

lesions were mainly detected at the level of the obex region in the brain of goats similar to 

previous observations in BSE-infected sheep and goats (FOSTER et al., 2001b; GONZÁLEZ 

et al., 2005; LEZMI et al., 2011). Prion infectivity, but with lower titers than in the brain, was 

also detected in muscles and lymph node tissues, which is consistent with previous findings 

in sheep and cattle orally infected with BSE (BUSCHMANN and GROSCHUP, 2005; van 

KEULEN et al., 2008b). 

In R/Q211 animals, PrP
Sc 

infectivity was higher in brain as compared to peripheral tissue, thus 

strongly supporting the results observed in WT goats. However, in contrast to WT goats 

R/Q211 animals presented a delayed clinical onset of the disease, starting at 33 mpi, thus 

indicating that the PRNP polymorphic variant Q211 might have an influence on the incubation 



46                                                                         Chapter 4 - Discussion 

 

 

 

 

period of BSE, but not on the general susceptibility. Therefore, R/Q211 polymorphism could 

be linked with low resistance against goat BSE compared to the high resistance of this 

genotype to scrapie as demonstrated in other field and experimental studies using goats 

(BOUZALAS et al., 2010; CORBIÈRE et al., 2013; LACROUX et al., 2014). Consequently, 

the prion strain represents a determining factor for TSE occurrence (AGUZZI et al., 2007). 

In contrast to the similar susceptibility of WT and R/Q211 goats to goat BSE, none of the 

Q/K222 goats examined in this study presented any evidence of disease. In all Q/K222 goats 

neither clinical signs nor PrP
Sc 

deposits were observed. Histopathological exanimation also 

failed to demonstrate any neuropathological lesions. However, very low infectivity was 

detected in the brain of 1 of the 2 Q/K222 goats euthanized at 44-45 mpi, suggesting that K222 

PRNP variant drastically decreases the susceptibility of goats to goat BSE. 

In cattle, the BSE agent is mainly deposited in the CNS and vegetative nervous system 

(BUSCHMANN and GROSCHUP, 2005; KAATZ et al., 2012), whereas it is lymphotropic in 

sheep and goats with PrP
Sc 

deposits in several lymphoid tissues (FOSTER et al., 1996; 

ANDRÉOLOTTI et al., 2000; BELLWORTHY et al., 2005; KUJALA et al., 2011). In 

accordance with this, the present study indicates that the resistance of Q/K222 goats to oral 

BSE infection might depend on a lesser capability of goat BSE to alter K222-PrP
C
 in 

peripheral tissues. In addition, lesser expression of K222-PrP
C 

along with a local inconsistency 

of the K222-PrP
C 

isoforms in the structures involved in the major spreading route cannot be 

excluded (BERINGUE et al., 2003). In fact, discrepancies in the susceptibility to prion agents 

dependent on the inoculation route have been described earlier in R/H154, R/Q211, or Q/K222 

goats, which showed complete resistance to the orally administered scrapie agent but were 

susceptible to the scrapie agent after intracerebral inoculation (LACROUX et al., 2014). 

R/H154 and R/Q211 goats presented 100% susceptibility to intracerebral inoculation of scrapie, 

whereas only 2 out of 5 Q/K222 (40%) goats developed clinical disease with 4-5 times longer 
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incubation periods compared to WT goats, indicating that the K222 variant of PRNP is 

associated with less susceptibility of goats to scrapie infection compared to the Q211 variant 

(LACROUX et al., 2014). Moreover, our data together with other data from several 

experimental (ACUTIS et al., 2012; AGUILAR-CALVO et al., 2014; LACROUX et al., 

2014) and epidemiological studies (ACUTIS et al., 2006; VACCARI et al., 2006; 

BARILLET et al., 2009; BOUZALAS et al., 2010; FRAGKIADAKI et al., 2011; 

PAPASAVVA-STYLIANOU et al., 2011; ACIN et al., 2013; CORBIÈRE et al., 2013) 

emphasize the low susceptibility of the Q/K222 polymorphism to TSE infection. 

Consequently, the K222 variant might represent an interesting target to improve breeding 

programs in order to control and ultimately eradicate TSE in goats. 

The present study also aimed to characterize the role of the spinal cord and autonomic 

ganglia in the spread of prion agents in goats. Immunohistochemistry was performed on the 

spinal cord and celiac and mesenteric ganglion complex of goats from different genotypic 

groups (WT, R/Q211and Q/K222), orally infected with caprine BSE. In addition, synapses were 

visualized in the superior cervical ganglion using transmission electron microscopy. WT and 

R/Q211 goats exhibited prion protein deposition in the spinal cord, whereas all Q/K222 goats 

were negative indicating resistance or lower susceptibility to BSE, and thus substantiating the 

previous study (AGUILAR-CALVO et al., 2014). PrP
Sc 

positive goats demonstrated a strong 

intra- and perineuronal staining of spinal cord grey matter neurons and glial cells with linear 

staining of neuronal processes consistent with previously described prion protein expression 

patterns in BSE infection (FUKUDA et al., 2012; VIDAL et al., 2006; JEFFREY and 

GONZÁLEZ, 2007). PrP
Sc 

deposition was also observed in spinal cord white matter glial 

cells, which was irrespective of ascending or descending tracts, but not in white matter axons. 

The present study is the first report describing PrP
Sc 

deposition in spinal cord white matter of 

BSE infected goats. 
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TSEs target neurons and ultimately lead to neuronal loss. However, the role of glial cells in 

the uptake, spread, and propagation of prion agents in the CNS during the course of prion 

disease has received little attention so far. Previous studies have already suggested that glial 

cells, especially astrocytes, may play a key role in the disease process (RAEBER et al., 1997: 

MALLUCCI et al., 2003; CRONIER et al., 2004; PRITZKOW et al., 2011, HOLLISTER et 

al., 2015). In 263K infected hamsters with clinical signs, abnormal prion agent was detected 

in a high proportion of hippocampal astrocytes (YE et al., 1998). In sheep naturally infected 

with the scrapie agent, PrP
Sc 

even accumulates to higher levels in astrocytes and other glial 

cells than in neurons (van KEULEN et al., 1995; GONZÁLEZ et al., 2002; GONZÁLEZ et 

al., 2003). PrP
Sc 

in glial cells has also been observed as early as 8 weeks after intracerebral or 

cerebellar inoculation of the scrapie agent in mice, thus suggesting that glial cells, and here 

mainly astrocytes, play a pivotal role in the spread of the infection (DIEDRICH et al., 1991). 

However, the question how PrP
Sc

 spreads between glial cells and neurons remains unsolved. 

Recent in vitro studies of scrapie infected hamster neurons demonstrated that PrP
Sc

 is 

transported to late endosomal/lysosomal compartments and throughout cell bodies and 

processes of astrocytes and neurons including their contacts (HOLLISTER et al., 2015). 

Consequently, glial cells might facilitate the dissemination of PrP
Sc

 towards the CNS and 

from the CNS to peripheral tissues. 

The PNS seems to be deeply involved in the spread of prion agents from the gut to the CNS 

(KAATZ et al., 2012). Consequently, the potential neuropathological effects of goat BSE on 

different neuronal, axonal, and satellite glial cell markers was investigated in the celiac and 

mesenteric ganglion complex and the spinal cord. However, the PrP
Sc

 status (BSE-positive 

vs. BSE-negative goats) did not influence the expression of acetylated α tubulin, βIII tubulin, 

β-APP, CNPase, GFAP, Iba1, Kinesin 5A, MAP2, MHC class II, p75
NTR

, periaxin, 

synaptophysin, pNF, Tau1, and Vimentin by neurons, glial cells, and axons. In addition, the 
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ultrastructural examination of the superior cervical ganglion did not reveal any significant 

changes in cytoplasmic organelles of neurons including mitochondria and the Golgi complex 

as well as synapses, which is in contrast to previous findings in CNS lesions of TSEs in mice 

(JEFFREY et al., 2000; CUNNINGHAM et al., 2003; SISKOVA et al., 2009). Consequently, 

synaptic pathology in goats caused by the BSE agent might be restricted to the CNS itself; 

however, this needs to be confirmed in future investigations. 

Neurofilaments are a major component of the neuronal cytoskeleton, provide shape and 

architecture to axons, and are involved in the relay of signals from the plasma membrane to 

the nucleus (TOIVOLA et al., 2005). They are synthesized within neuronal perikarya and 

transported to axons via slow axonal transport (MILLER et al., 2002). Within axons 

neurofilaments are extensively phosphorylated. Interestingly, the phosphorylation of 

neurofilaments seems to be a mechanism for regulating their transport properties, possibly by 

promoting their detachment from motor proteins (MILLER et al., 2002). An interference of 

neurofilaments with axonal transport has been hypothesized for a long time as a common 

pathogenetic mechanism in several CNS diseases (GAJDUSEK, 1985). Similarly, 

neuroaxonal pathology, characterized by neuritic swellings and dystrophic neurites seems to 

play an important role in TSEs (LIBERSKI and BUDKA, 1999). The present study 

documented for the first time that there is abnormal expression of nNF in spinal cord white 

matter axons of PrP
Sc

-positive goats. The cause for the impaired phosphorylation of 

neurofilaments yet remains to be elucidated. Nevertheless, nNF accumulations are likely to 

compromise axonal transport. However, the influence of nNF on axonal transport 

mechanisms and its potential role in the spread of TSE agents as well as neuronal 

degeneration needs to be investigated in detail in future studies.
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Chapter 5: Summary 

 

Susceptibility of goats to the BSE agent with special emphasis on the neuropathogenesis 

  

Muhammad Nadeem 

 

Transmissible spongiform encephalopathies (TSEs) represent a group of progressive diseases 

that affect the nervous system of humans and various animal species. The characteristic 

neuropathological features of TSEs comprise spongiform changes, astrogliosis, neuronal loss, 

and accumulation of an abnormal isoform (PrP
Sc

) of the host-encoded cellular prion protein 

(PrP
C
). Among animal diseases, bovine spongiform encephalopathy (BSE) is of particular 

interest because of its transmissibility to humans causing a variant of Creutzfeldt-Jakob-

disease (vCJD). Recently reported BSE infections in goats in the United Kingdom and France 

have brought small ruminant species into the focus of prion disease research. Among TSEs 

scrapie affects small ruminants all around the world and its incidence is intensely modified by 

the PRNP genotype. In goats several PRNP polymorphisms have been linked to lower 

susceptibility to classical scrapie. Among them, the K222 PRNP variant produced most 

favorable results, being related with resistance to scrapie in both epidemiological studies as 

well in experimental infections in goats and transgenic mice. In contrast, little is known about 

the factors defining the risk of goats to BSE. 

Studies on orally infected TSEs strongly support the importance of the lymphoreticular 

system as well as the peripheral nervous system (PNS) for neuroinvasion. Recent studies in 

hamsters, sheep, and cattle demonstrated that TSE agents spread via the sympathetic and/or 

parasympathetic nervous system to the central nervous system (CNS). However, the 

sympathetic route consisting of the celiac and mesenteric ganglion complex (CMGC), the 

superior cervical ganglion, splanchnic nerves, and the intermediolateral cell column of the 
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thoracic spinal cord seems to play the major role in the initial neuronal distribution in orally 

BSE-infected cattle. The cellular and molecular constituents and mechanisms that facilitate 

the centripetal spread of prions remain undetermined. Principally, prion proteins could use 

axonal transport systems, spread cell-free or cell-associated in neural interspaces, sequentially 

infect Schwann cells, and convert normal cellular prion protein to abnormal isoforms. The 

sequence of events important for the clinical onset of the prion disease and knowledge of the 

role of different areas of the CNS and PNS is still fragmentary. 

Thus, the present study aimed to clarify the effect of certain PRNP genotypes in the oral 

transmission of the goat BSE agent to goats. Immunohistochemistry was performed to detect 

axonal cytoskeletal and transport disturbances during the course of BSE in the spinal cord 

and peripheral tissues of experimentally infected goats and to elucidate possible pathogenetic 

links between ultrastructural changes and PrP
Sc 

accumulation in the superior cervical 

ganglion of experimentally BSE-infected goats. Tissues from CNS and PNS from different 

genotypes (IRQ/IRQ, IQQ/IRQ and IRK/IRQ) of control and BSE-infected goats were 

investigated. IRQ/IRQ wild-type goats presented clinical signs after 24 months post infection 

(mpi), while IQQ/IRQ (R/Q211) developed first clinical onset of disease at 33 mpi. In contrast 

to the BSE susceptibility of IRQ/IRQ and IQQ/IRQ goats, none of IRK/IRQ (R/K222) goats 

presented clinical signs or PrP
Sc

 deposition with neuropathological lesions. However, very 

low infectivity was noticed in the brain in 1 of 2 IRK/IRQ goats slaughtered at 44-45 mpi. 

The data indicate that IRK/IRQ goats are less susceptible to the transmission of goat BSE 

than IRQ/IRQ and IQQ/IRQ, highlighting that the K222 PRNP variant can protect goats 

against BSE oral infection. In conclusion, goat BSE agent transmission is genotype-

dependent and the K222 PRNP variant represents a good candidate for better breeding 

programs in order to control and eradicate TSEs in goats. 
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The present study did not detect any changes in the expression of various antigens (acetylated 

α tubulin, βIII tubulin, β-APP, CNPase, GFAP, Iba1, Kinesin 5A, MAP2, MHC class II, 

p75
NTR

, periaxin, synaptophysin, pNF, Tau1, and vimentin ) in the spinal cord or the CMGC 

of BSE positive compared to negative goats. Moreover, the superior cervical ganglion did not 

exhibit ultrastructural changes, which might indicate that synaptic pathology is restricted to 

the CNS itself. However, this needs to be confirmed in future studies. 

Interestingly, the present study demonstrated abnormal expression of non-phosophorylated 

neurofilament (nNF) in axons of the white matter of the spinal cord, which was restricted to 

goats with clinical BSE. The results indicate axonal damage and disturbances in axonal 

transport during BSE in goats. However, whether abnormal nNF accumulations are related to 

disturbed axonal transport mechanisms in TSEs, the spread of TSE agents, and neuronal 

degeneration, has to be evaluated in future studies. Moreover, the study reports for the first 

time that there is immunohistochemical evidence for PrP
Sc

 deposition in spinal cord white 

matter glial cells of BSE positive goats, indicating the involvement of glial cells in the spread 

of the agent. 
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Chapter 6: Zusammenfassung  

 

Die Empfänglichkeit von Ziegen gegenüber BSE unter besonderer Berücksichtigung 

der Neuropathogenese 

 

Muhammad Nadeem 

 

Transmissible spongiforme Enzephalopathien (TSEs) stellen eine Gruppe progressiver 

Erkrankungen des Nervensystems von Tieren und Menschen dar, deren Neuropathologie 

typischerweise durch spongiforme Veränderungen in der grauen Substanz, eine Astrogliose 

sowie einen neuronalen Verlust charakterisiert ist. Im Hinblick auf die Pathogenese werden 

diese Alterationen durch die Akkumulation einer abnormalen und infektiösen Isoform (PrP
Sc

) 

des von Wirtszellen gebildeten Prionproteins (PrP
C
) initiiert. Seitdem die Übertragbarkeit der 

bovinen spongiformen Enzephalopathie (BSE) auf den Menschen in Form einer Variante der 

Creutzfeldt-Jakob-Krankheit (vCJK) bekannt ist, besteht ein großes, öffentliches Interesse an 

der Erforschung dieser Erkrankung. Neben dem Rind besteht in der jüngsten Zeit zunehmend 

ein wissenschaftliches Interesse an der Erforschung von BSE bei kleinen Wiederkäuern. 

Beispielsweise wurde im Vereinigten Königreich und Frankreich eine Infektion von Ziegen 

mit BSE nachgewiesen.  

Unter den verschiedenen TSEs stellt die Scrapie (Traberkrankheit) die wichtigste Erkrankung 

der kleinen Wiederkäuer dar, deren Ausprägung stark vom Genotyp des für das zelluläre 

Prionprotein kodierenden Gens (PRNP) abhängt. Bei Ziegen wurden verschiedene PRNP-

Polymorphismen beschrieben, die mit einer differierenden Empfänglichkeit für die klassische 

Scrapie einhergehen. Hierbei wiesen mehrere epidemiologische Studien, experimentelle 

Infektionen von Ziegen sowie Untersuchungen an transgenen Mäusen auf den positiven 
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Einfluss der K222 PRNP-Variante in Bezug auf die Widerstandsfähigkeit gegenüber der 

Scrapie-Infektion hin. Dagegen ist der potenzielle Einfluss des PRNP-Genotyps auf eine 

BSE-Erkrankung bei Ziegen bisher unbekannt. 

Mehrere Studien an oral mit Prionen infizierten Tieren zeigten die große Bedeutung des 

lymphoretikulären Systems und des peripheren Nervensystems (PNS) für die Neuroinvasion 

des Agens. So gelangen TSE-Erreger bei Hamstern, Schafen und Rindern entlang des 

sympathischen und parasympathischen Nervensystems in das zentrale Nervensystem (ZNS). 

Bei oral mit BSE infizierten Rindern scheint dem sympathischen Nervensystem die größte 

Rolle für die initiale Ausbreitung des Prion-Agens zuzukommen. Hierbei betrifft bei Rindern 

eine Prionenausbreitung entlang des sympathischen Nervensystems die Ganglia coeliacum 

und mesentericum craniale (GCMC), das Ganglion cervicale craniale, die Nervi splanchnici 

und die Substantia intermedia im thorakolumbalen Bereich des Rückenmarks. Die zellulären 

und molekularen Komponenten und Mechanismen, die an der zentripetalen Ausbreitung von 

Prionen beteiligt sind, sind bisher weitgehend unbekannt. Hypothetisch könnten 

Prionenproteine axonale Transportsysteme benutzen, sich im interneuralen Raum zellfrei und 

zellgebunden ausbreiten, sequentiell Schwannzellen infizieren, um somit final die 

Konformationsänderung des unveränderten zellulären Prionproteins in die abnormale Isoform 

zu induzieren. Dennoch bleiben der genaue Zeitverlauf und die Rolle der verschiedenen 

Regionen im ZNS und PNS für das klinische Auftreten einer Prionenerkrankung immer noch 

unklar. 

Die Ziele dieser Studie bestanden darin, den Einfluss bestimmter PRNP-Genotypen auf die 

orale Empfänglichkeit für BSE bei Ziegen aufzuklären sowie pathologische Veränderungen 

in ausgewählten Lokalisationen des PNS und im Rückenmark zu charakterisieren. Hierfür 

wurde eine immunhistologische Untersuchung bei experimentell infizierten Ziegen 

durchgeführt, um potenzielle Schäden am axonalen Zytoskelett und Störungen des axonalen 
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Transports aufzudecken. Außerdem sollte geklärt werden, inwieweit es einen 

pathogenetischen Zusammenhang zwischen ultrastrukturellen Veränderungen und PrP
Sc

-

Ablagerungen im Ganglion cervicale craniale bei experimentell mit BSE-infizierten Ziegen 

gibt. Für diese Untersuchungen wurden verschiedene Gewebe des ZNS und PNS von 

Kontrollziegen und BSE-infizierten Ziegen verschiedener Genotypen (IRQ/IRQ, IQQ/IRQ 

und IRK/IRQ) entnommen. Die IRQ/IRQ-Wildtyp-Ziegen zeigten die ersten klinischen 

Symptome 24 Monate post infectionem (p.i.), während diese bei IQQ/IRQ (R/Q211)-Ziegen 

erst 33 Monate p.i. auftraten. Im Gegensatz zu den IRQ/IRQ- und IQQ/IRQ-Ziegen wurden 

bei IRK/IRQ (R/K222)-Ziegen weder klinische Symptome noch PrP
Sc

-Ablagerungen mit 

neuropathologischen Veränderungen festgestellt. Allerdings wies das Gehirn einer IRK/IRQ-

Ziege, welche 44 Monate p.i. getötet wurde, eine sehr geringe Infektiosität auf. Diese 

Ergebnisse deuten auf eine geringere BSE-Empfänglichkeit von IRK/IRQ-Ziegen gegenüber 

IRQ/IRQ- und IQQ/IRQ-Ziegen hin, so dass die K222 PRNP-Variante Ziegen möglicherweise 

vor einer oralen BSE-Infektion schützen kann. Somit stellt die gezielte Zucht der K222 PRNP-

Variante möglicherweise eine geeignete Möglichkeit dar, natürliche Fälle von TSE bei 

Ziegen auszumerzen. 

In der vorliegenden Studie wurde die Expression zahlreicher Antigene (azetyliertes α-

Tubulin, βIII Tubulin, β-APP, CNPase, GFAP, Iba1, Kinesin 5A, MAP2, MHC class II, 

p75
NTR

, Periaxin, Synaptophysin, pNF, Tau1 und Vimentin) im Rückenmark und GCMC 

immunhistologisch untersucht. Allerdings fanden sich keine Unterschiede in der 

Antigenexpression zwischen BSE-positiven und -negativen Ziegen. Darüber hinaus zeigten 

sich keine ultrastrukturellen Synapsenveränderungen im Ganglion cervicale craniale. Ob 

Synapsenveränderungen bei Prionenerkrankungen auf das ZNS beschränkt sind, muss jedoch 

in weiteren Studien bestätigt werden. Interessanterweise zeigte die vorliegende Studie eine 

abnormale Expression des nicht-phosphorylierten Neurofilaments (nNF) in Axonen der 
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weißen Substanz des Rückenmarks, welche auf klinisch an BSE erkrankte und PrP
Sc

-positive 

Ziegen beschränkt war. Somit treten wahrscheinlich im Verlauf der BSE-Erkrankung von 

Ziegen axonale Schäden und Störungen des axonalen Transports auf. Allerdings muss in 

zukünftigen Untersuchungen abgeklärt werden, ob die abnormale Akkumulation von nNF in 

einem kausalen Zusammenhang mit gestörten Transportmechanismen im Axon, der 

Ausbreitung von Prionen und/oder einer neuronalen Degeneration steht. Des Weiteren wurde 

mittels der durchgeführten immunhistologischen Untersuchungen erstmalig eine Ablagerung 

von PrP
Sc

 in Gliazellen der weißen Substanz des Rückenmarks bei an BSE erkrankten Ziegen 

nachgewiesen, so dass Gliazellen möglicherweise eine wichtige Rolle in der Ausbreitung von 

Prionen spielen. 
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