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David R. Brown, MSc. Ph.D.

David Brown has worked in the field of prion disease or TSEs for over
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hood in the United Kingdom. After returning to Australia he completes
his schooling in Sydney and attended Sydney University. There he com-
pleted a Bachelor of Science degree in biochemistry, a Master of Science
degree in neurobiology and a Doctor of Philosophy degree also in Neu-
roscience. His initial research interests included neuronal growth fac-
tors and topographic innervation of toad muscle. Following three years
of postdoctoral research, Dr. Brown left Australia in 1994. Since then
he has worked in the Albert Einstein College of Medicine in New York,
the Department of Neuropathology in Göttingen and the Department of
Biochemistry at the University of Cambridge. His interest in prion began
during his four years researching in Germany. After returning to work
in the United Kingdom to work at Cambridge, Dr. Brown established
his own independent research group that quickly gained international
recognition. In parallel with research focusing on the function of the prion
protein and mechanisms of cell death in neurodegeneration, Dr. Brown’s
research has also investigated basic aspects of cellular neurobiology in-
cluding the nature of the interactions between neurones and glial cells.
David Brown is currently a Reader in Biochemistry at the University of
Bath and his research continues to reap international recognition and
acclaim. He is also a member of the Spongiform Encephalopathy Advi-
sory Committee that advises the UK government on issues to do with
BSE and variant CJD.
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Chapter 1

INTRODUCTION

David R. Brown

Department of Biology and Biochemistry,
University of Bath, Bath BA2 7AY, UK

In 1982 Stanley Prusiner and colleagues purified an abnormal protein
from the brains of mice experimentally infected with a rare sheep dis-
ease called scrapie1. This protein was called the prion protein. Earlier
work had suggested that this diseases and others, loosely collected to-
gether as transmissible spongiform encephalopathies (TSEs), were not
transmitted by conventional infectious agents. Prusiner suggested that
this new protein was the infectious agent in these diseases2. Such a
contentious suggestion lead to ferocious debate. Many researchers still
maintained that there was no such thing as an infectious protein. De-
spite this, by 1990 most people accepted that the cause of the TSEs was
the abnormal isoform of the prion protein his research group had iden-
tified. The most convincing evidence for this had come from the work
of Charles Weissmann, whose prion protein knockout mice could not
be infected because they lacked expression of the protein that was now
forever linked to these disease3,4. Since then it has become more widely
accepted for these diseases to be termed prion diseases. In 1997 when
Stanley Prusiner won the Nobel Prize for his work on prion diseases5.
Even then, there was still an element of resistance in the scientific com-
munity. It was considered that, in order the transmissible agent to truly
be a protein only, the protein would have to be generated from a recom-
binant source.

In 2004 that evidence emerged. Recombinant protein injected into
mice led to a prion disease that could then be transmitted to other mice6.
Naturally, scepticism still continues about this novel theory. Those who
work in the prion field know that this is simply part of the game. Intense
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scepticism of any findings on any aspect of research in prion diseases
makes progress in the field very slow. Part of the problem is probably
due to a fundamental misunderstanding of the nature of prion diseases.
Although the diseases can be transmitted experimentally, prion diseases
are not contagious diseases as are bacterial or viral disease.

Some forms of prion diseases are inherited, such as Gerstmann-
Sträussler-Scheinker syndrome (GSS)7–8. GSS is linked to point muta-
tions in the prion protein gene (prnp). Despite inheriting what amounts to
a dominant lethal genetic mutation, GSS patients usually reach their fifth
decade of life before symtoms of the disease emerge. This clearly links
onset of these diseases to something inherant in the normal aging pro-
cess. Other forms of transmission have occurred because of human in-
tervention. Iatrogenic CJD results from use of tissues or hormone deriva-
tives of tissue from people who had the more conventional disease,
sporadic CJD. Kuru, a disease of the native of New Guinea occurred
because of the ritual practice of eating brains from older relatives9. The
new disease, variant CJD had been linked to the eating of food contam-
inated with the BSE agent. BSE (bovine spongiform encephalopathy)
and variant CJD share many similarities and the two diseases clearly
have a similar origin10–11. It is widely accepted that BSE caused vCJD
but there is also considerable doubt that vCJD arose from the eating
of BSE contaminated meat. BSE was also mostly the result of human
intervention. The feeding of rendered animal remains back to dairy cat-
tle result in tens of thousands of cases of BSE carrying cows. Yet, now
that this practice is banned and BSE number have dropped dramatically,
there remains a significant number of BSE cases. The cause of these
cases of BSE remains unknown. This is similar to the majority of cases
of human prion disease. The major form of human prion diseases is
sporadic CJD. This disease cannot be linked to any form of infection.
Similarly, the disease of sheep called scrapie can also not be linked to
any specific infection event. Scrapie is the first described prion disease
with reports dating back to the 15th century.

As panic over the BSE epidemic subsides and the predicted expo-
nential increase in variant CJD cases has not happened, more rational
thought has entered into the arena to assess the possible cause of the
major forms of prion diseases. The two logical explanations that have
been put forward are the following: The sporadic forms of prion diseases
could arise through a freak event in the normal ageing process. As men-
tioned above, GSS does not manifest until late in life. This implies that the
kinetics of prion formation are very slow and take upwards of 30 years to
result in abnormal prion protein forming in the brain. Alternatively some
change that occurs as we grow older may be needed to trigger protein
conversion to make the normal cellular form of the prion protein to flip
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conformation and generated PrPSc. Once a significant amount of this
protein is formed it is able to catalyse its own conversion and sponta-
neous deposition of large amounts of PrPSc results in the pathological
changes leading to CJD12. The possible change in the ageing brain is
the gradual decay in the balance between oxidative damage and an-
tioxidant defence. The second hypothesis about the cause of sporadic
prion diseases is that exposure to an agent in the environment may trig-
ger protein conversion. Evidence for this comes from the existence of
localised hot spots for different prion diseases13. The disease of deer,
chronic wasting disease, is very heavily localised to small areas with
US states such as Colorado. In Iceland, some farms have recurrent
scrapie problems while other remain consistently scrapie free. What
in the environment could have such an effect remains to be verified.
However, the prime candidate has been manganese14. Manganese ac-
cumulates in the brains of patients and animals with prion diseases15–16.
However, it remains to be shown whether manganese is causative, a fac-
tor that enhances the incidence of an ever present disease or is simply
coincidental.

The implication of all the forgoing is that prion diseases are funda-
mentally a result of a normal brain protein becoming conformationally
altered. An event or a series of similar events result in the stabilisation
in a conformational switch in the isoform of the protein generated by
the brain12. The trigger of this can be one of three possibilities. The first
is the introduction into the cell of preformed PrPSc aggregates. This is
then able to catalyse conformation alteration of prion protein generated
by that cell. The second possibility is that the normal cellular isoform of
the prion protein (PrPc) encounters a different agent which then catal-
yses conversion. This could be interaction with a metal that does not
normally bind to the protein such as manganese17. Lastly, conversion
to the abnormal isoform occurs naturally but with a low probability. This
implies that, the kinetic equilibrium does not favour PrPSc formation but
that in time a small amount will form that is the sufficient to catalyse
further conversion by the first mechanism. An alternative version of this
last hypothesis is that PrPSc is formed in the brain all the time but mech-
anism are in place which rapidly clear it away before it can autocatalyse
further PrPSc formation. Disease develops when this corrective process
falters, possibly as a result of ageing.

Understanding the common threads in all these theories and the clear
link between disease progress and expression of the prion protein and
the conformation it assumes makes discussion of any “contagion” caus-
ing these disease seem absurd. Panic among both the lay and the sci-
entific communities about the inherent infectiousness of prion disease is
purely an hysterical response to misinformation or wanton ignorance of
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the fundamental truth of the cause of these disease. A normal brain gly-
coprotein becomes converted to a protease resistant isoform, by what-
ever mechanism, and initiates a series of pathological changes in the
brain resulting in death. This implies that to understand these diseases
we must know what causes the patient’s own prion protein to change
conformation and understand how production of this abnormal confor-
mation relates to the pathological changes that cause the death of the
patient.

Until recently study of the prion protein has focussed on PrPSc and
the normal form of the protein has been overlooked. However, the gene
for PrP was first described in 198618, the year that BSE first emerged.
The protein is a glycoprotein anchored to the outside of the cell by a
glycosylphophatidylinositol (GPI) anchor19. This means that the protein
is attached to the membrane by a sugar group. Although there has been
some speculation about there being a transmembrane form of the pro-
tein, this has largely been dismissed20–22. Similar reports of dimeric
forms of the protein and subcellular localisation of the protein to the
cytosol or nucleus are isolated and unconfirmed23–25. The protein is
highly expressed by neurones and is concentrated in the synapse26.
The expression of the protein is not specific to neurones and low level
expression can be detected in many cell types. The age of the cellular
prion protein began in 1995 with the first suggestions that a fragment
of the protein could bind copper27. This largely was ignored until 1997
when a number of colleagues and I provided the first accepted evidence
that the protein binds copper in vivo28. Since then there has been over-
whelming support for the idea that PrPc is a metalloprotein.

The function of the protein has been the subject of a number of
investigations. Despite numerous different approaches the emerging
consensus is that lack of expression of PrPc causes cells to respond
poorly to stress29. These changes can range from altered electrophysi-
ological parameters30, altered sleep patterns31, modified cell adhesion
characteristics32 and disturbed cell signalling pathways33. More sub-
stantial evidence points to PrPc being some form of antioxidant. My
own research has suggested that PrPc is a molecule with the ability
to clear away superoxide radicals that would otherwise damage cell
components34. This would make a PrPc superoxide dismutase. Alterna-
tive research has shown that PrPc can alter copper uptake into cells35

and that binding of copper to PrPc is important to the mechanism by
which it is internalised from the cell surface36. These theories are not
contradictory, as sequesting copper is in itself an antioxidant effect.
Copper has the potential to generating molecules that can cause ox-
idative stress. Therefore the leading theory as to the function of PrPc is
that it is an antioxidant.
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Conversion of PrPc to PrPSc results in the loss of function of the protein
without the loss of its expression. In prion protein knockout mice, lack
of expression of PrPc could be compensated for by rapid changes in
expression of other proteins that could perform similar functions. As a
potential antioxidant, such rapid compensation is very likely considering
the wide range of antioxidants that the body can mobilise and the high
induciblity of many cellular antioxidants. One implication is that loss of
PrPc function could expose neurones to assaults that cause initiate cell
death. Therefore understanding the function of this protein and how to
compensate for it could be one possible way to counteract the cell death
that occurs in prion disease.

Prion diseases are neurodegenerative conditions. They result in a
very rapid loss of neurones in specific areas of the brain. This neuronal
loss occurs late in the disease and corresponds to onset of neurological
and behavioural symptoms. In experimentally induced prion disease,
there is a long incubation time between challenge with the prion dis-
ease agent and the onset of symptoms. In the case of BSE this can be
years. Following onset of symptoms death from complications follows
very rapidly. In humans with CJD this can be a matter of months. If cell
death could be stopped then possibly, the CJD patient could recover.
Clearly, knowing what causes this cell death is central to understanding
these disease. Surprisingly, until recent years, there has been little re-
search on the mechanism of cell death in prion disease. Reviews on the
subject of “neurodegeneration and prion disease” often failed to mention
mechanisms of cell death in any detail.

The first models of the mechanism of neurodegeneration emerged
from cell cultures studies in the early 1990s. These models showed
that PrPSc or a peptide derivative could kills neurones by an apoptotic
mechanism37–38. The first finding was that was of any significance was
that neuronal cell death requires the expression of PrPc by the target
cell39. My research was the first to show that neurones from prion protein
knockout mice were resistant to toxic prions. This was later confirmed
in animal models40–41.

Advancement in the field of neurodegeneration and prion diseases
has resulted in the research described in the chapters of this book. This
compilation therefore reflects the great strides that have been made
in recent years. Many individual and complementary approaches have
been taken, providing a wealth of information that has the potential to
one day provide us with a possible way forward in finding preventative
treatments to halt the advance of neurodegeneration. Prion diseases
are rare but so are reliable models of most human neurodegenera-
tive diseases. In this regard prion diseases are the exception as ex-
periment infection of mice provides us with an accurate and essential
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tool for research. The implication of this is that study of prion dis-
eases might provide insights into neurodegeneration that are relevant
to other diseases like Alzheimer’s disease where animal models don’t
exist.

The main model used by researchers to study prion diseases is the
mouse model using mouse passaged scrapie. Some researchers also
use hamsters but the availability of transgenic mice makes mice a more
attractive choice. Studies with such mice have lead to a whole range of
interesting research. The sheep disease scrapie can be divided into a
series of strains or different forms. These strains retain a range of char-
acteristics when used to infect mice of a similar genetic background.
These characteristics include the length of time the animal takes to
fall ill (incubation time), localisation within the brain of pathology and
extent and localisation PrPSc deposition as well as the ratio between
the amounts of the three glycoforms (di-, mono-, or non-gycosylated)
of PrPSc deteccted42. Challenge with the scrapie agent is usually per-
formed either by force feeding mice scrapie agent laced food (oral chal-
lenge) or direct injection of the agent into the brain. Oral challenge is
a less successful route of infection but it has provided insight into the
mechanism of oral transmission of prion disease.

In terms of the study of neurodegeneration, the mouse model has
proved a difficult one to provide mechanism of action. This is because
it is difficult to separate the cause of neuronal death from the necessity
to introduce PrPSc into the brain from an external source. Apoptotic cell
death occurs in the brain and this is proceeded by the activation of mi-
croglia and occurs in parallel with increased astrogliosis43–46. Very early
changes to neurones can be detected such as loss of dendritic spines47.
Use of conditional prion protein knockout mice has shown that stopping
expression of PrPc during the disease progress, after considerable PrPSc

has been formed, results in sessation of cell death and recovery of the
animal41. This really just confirms what was first identified in 1994 using
cell culture models39. Namely, that PrPc expression is necessary by the
target cell and without it toxic prions cannot kill neurones.

Five chapters in this edition deal with rodent models. The first is the
insightful examination of changes to behavior in mice carrying scrapie
by Colm Cunningham. The second by Nikki Macleod and colleagues
describes how electrophysiological techniques have been used to in-
vestigate changes, both as a result of transgenic manipulation, and by
scrapie infection. Next, Suehiro Sakaguchi discusses how transgenic
mice were used to investigate prion diseases. Herbert Budka and col-
leagues discuss the use of mouse models to investigate pathological
and biochemical changes associated with neurodegeneration in prion
disease. Finally, Yong-Sun Kim and colleagues discuss the possible role
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of oxidative stress and mitochondrial dysfunction in the cause of cell
death in prion disease based on their own research using scrapie in-
fected rodents.

Another way of studying neurodegeneration without resorting to mod-
els is to examine the pathological changes associated with neurodegen-
eration. This requires a very thorough study of those changes in both
human and animal disease. A very thorough study of the pathology of
prion diseases is present in a chapter by Pawel Liberski and James Iron-
side. In another study, Bernardino Ghetti and colleagues, discusses the
pathology of inherited forms of prion diseases.

The remaining chapters concentrate on in vitro models. Katarina
Bedecs describes the use of scrapie infected cell lines and the way
in which they provide insights into changes in the metabolism of cells
constituatively generating PrPSc. Models of the toxic actions of PrPSc

and related peptides are discussed by a number authors. This reflects
that this system for studying prion diseases has been in use for over ten
years and is one of the easiest to set up and provides results in a matter
of weeks rather than years. Studies with scrapie infected mice can take
very long because the incubation time is usually around four months.
Studies with cattle or sheep take even longer as the incubation period
for the disease can be between two and five years. I have provided a
chapter summarising the vast body of work produce by my own group
since I first began using cell culture models in 1993. Gennaro Schettini,
Neena Singh, Roberto Cappai and their colleagues provide the next
three chapters also based on work within vitro toxicity models.

Other factors can also contributed to cell survival and the onset of
prion disease. The recent work of Claudio Soto investigating the role of
endomplasmic reticulum (ER) stress in creating a cellular environment
that would favour cell death is presented in a chapter from his group. Al-
though most PrPc is anchored to the surface by a glycosylphosphatidyli-
nositol anchor, it has been suggested that some amount of the protein
could be incorporated into the cell membrane. A putative stop transfer
element was described many years ago and at the same time it was
suggested that the hydrophobic domain of the protein could potential
be a transmembrane domain48. Ramanujan Hegde presents his inter-
esting work that proposes that transmembrane forms of PrP could be
involved in neurodegeneration in prion diseases. In particular this mech-
anism has been suggested to be relevant for inherited forms of these
diseases.

In the final chapter Hermann Schätzl and colleagues present their el-
egant and compelling work examining the mechanism of internalisation
of the prion protein and the possible effect of prion mutations might have
on cell survival.
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The broad range of the chapters indicates the great expanse of imag-
inative directions taken to shine some light into darkness that surrounds
this enigmatic field. These various approaches high light the complexity
of the subject and the need for continued, international and comprehen-
sive support for the research of the many laboratories dedicated to find
a way forward in determining the nature of neurodegeneration in prion
disease. Perhaps, there is a long way to go until we develop effective
treatments for these disorders, but the science of neurodegeneration
and prion diseases has well and truly solidified into a vibrant and com-
pelling field of study.
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2.1. Introduction

The transmissible spongiform encephalopathies (TSEs) or prion
diseases are a group of neurodegenerative disorders which include
kuru1, Creutzfeldt-Jakob disease (CJD)2, variant Creutzfeldt-Jakob dis-
ease (vCJD), Gerstmann-Sträussler-Scheinker (GSS) disease3, and
fatal familial insomnia4 in man, natural scrapie in sheep, goats and
mufflons, transmissible mink encephalopathy in ranch-reared mink5,
chronic wasting disease of mule deer and elk in the USA6 and Canada,
bovine spongiform encephalopathy (BSE) or “mad cow disease”7 and its
analogues in several exotic species of antelopes and wild felids in zoo-
logical gardens and feline spongiform encephalopathy in domestic cats.

These disorders are caused by a still not completely understood
pathogen variously referred to as a “prion” (predominantly) or a slow,
unconventional or atypical virus, or “virino” (rarely). Despite wide accep-
tance for the prion theory, these names still reflect different views about
the true molecular structure of the pathogen and, by the same token, our
ignorance of its nature. Those who prefer to view this pathogen as com-
posed “predominantly or exclusively” of a pathologically folded protein
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(PrPSc; Sc from scrapie or PrPd; d from disease), use the term “prion”;
hence the term “prion diseases”.

The “virino” hypothesis suggests that the pathogen is a molecular
chimera composed of a still-to-be-discovered nucleic acid and a shell-
protein which is host-encoded (perhaps PrPd). The virus hypothesis
simply suggests that the pathogen is a yet-to-be-identified unconven-
tional virus. The “unified theory” of Weissmann8, not unlike the virino
theory, suggests that the agent is a molecular chimera of the misfolded
protein that confers infectivity and an unidentified oligonucleotide that
specifies strain characteristics.

2.2. Nomenclature

The nomenclature of PrP species is confusing. PrPc is a normal
cellular isoform. PrPSc (PrPres or PrPd, from disease) is a patholog-
ical misfolded protein. PrPSc is operationally defined as resistant to
proteinase K (PK) and insoluble in denaturing detergent; however, in
some diseases, pathological isoform of PrP is not PK resistant9. Thus,
we prefer to use the neutral term PrPd which denotes that misfolded
species of PrP which is disease-associated; PK-resistant or not. PrP
27-30 is a proteolytic cleavage product of PrPd which is sometimes
referred to as PrPres (res from resistant) when generated following in-
complete proteolytic digestion in Western blotting.

2.3. PrP, its gene, the ‘‘prion” hypothesis

PrPc is a highly conserved sialoglycoprotein encoded by a cellular
gene mapped to chromosome 20 in man and 2 in mouse10. The gene
is ubiquitous; it has been cloned in numerous mammalian species in-
cluded marsupials and there are analogues of this gene in birds, rep-
tiles, amphibians, and recently fish; those in Drosophila and nematodes
appeared to be cloning artefacts. PrP 27-30 was first discovered as a
protein co-purifying with infectivity in extracts derived from brains in-
fected with the 263K strain of scrapie agent which led to the conclusion
that PrP is a part of infectivity.

The “prion” hypothesis, which is deeply rooted in this association
between PrP and infectivity, was formulated by Stanley B. Prusiner
in 198211. The hypothesis postulated that the scrapie agent was a
proteinaceous infectious particle, because infectivity was dependent on
protein but resistant to methods known to inactivate nucleic acids. A simi-
lar proposal had been presented a decade earlier by many investigators
who all developed the earlier suggestion based on irradiation studies,
that scrapie agent was devoid of disease-specific nucleic acid12.
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Like many amyloid proteins, PrP 27-30 is a proteolytic cleavage prod-
uct of a precursor protein, PrP 33-35d. However, PrP 33–35d is not the
primary product of the cellular gene. It has an amino acid sequence
and posttranslational modifications (like glycosylation and the attach-
ment of GPI, glycophospholipid inositol anchor) identical to those of PrP
33–35c, but strikingly different physicochemical features; in particular,
PrPc is completely degraded by a limited proteolysis but PrPd is only
partially degraded, yielding a core protein (PrP 27–30) which may be
visualised by electron microscopy as scrapie-associated fibrils (SAF),
better known as prion rods13. To become PrPd, PrPc must be first trans-
ported to the cell surface and then through the endosomal-lysosomal
pathway.

PrP has several interesting features. As already mentioned, PrP is
a glycoprotein with two Asn-glycosylation sites; thus, PrP may exist as
deglycosylated, monoglycosylated and di-glycosylated isoforms of dif-
ferent electrophoretic mobilities and glycoforms14. The various combi-
nations of glycosylation and codon 129 genotype (see later) correlate to
some degree with the phenotypic expression of human TSE. In partic-
ular, a distinctive glycosylation pattern is uniquely present in both BSE
and vCJD14,15. Although glycosylation patterns breed true—i.e., they are
retained in passage14—changes in electrophoretic mobility may occur
in the presence of metal ions14, and more than one pattern may occur
in different regions of the same brain, or brain and peripheral organs in
the same patient.

PRNP gene in humans consists of two exons and the whole ORF is
confined to the second exon16. The polymorphism at codon 129 merits
special comment. Codon 129 encodes Met in ca 60% and Val in 40%
of alleles in the normal Caucasian population. However, in all forms
of CJD, there is marked over-representation of homozygotes over het-
erozygotes. The codon 129 polymorphism may also exert a modifying
effect on the phenotypic expression of a given PRNP mutation.

The situation in kuru is particularly interesting. The practice of can-
nibalism underlying the kuru epidemic created a selective force on
the prion protein genotype. As in CJD, homozygosity at codon 129
(129Met Met or 129Val Val) is overrepresented in kuru. However, Mead
et al.17 found that among Fore women over fifty years of age, there is
a remarkable overrepresentation of heterozygosity (129Met Val) at codon
129, which is consistent with the interpretation that 129Vam Met makes
an individual resistant to TSE agents and that such a resistance was
selected by cannibalistic rites. Because of this 129Met Val heterozygote
advantage, it has been suggested that the heterozygous genotype at
codon 129 has been sustained by a widespread ancient practice of
human cannibalism.
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2.4. Classifications

From early days, CJD (the name as Jakob-Creutzfeldt disease was
coined by Spielmeyer in 1922) has been sub-classified into several
forms. For instance, Daniel18 singled out the classical cortico-striato-
spinal (Jakob) type; Heindenhain type (characterized by cortical blind-
ness due to severe involvement of the occipital lobes); diffuse type
(dementia with pyramidal and extrapyramidal signs and symptoms) and
ataxic type19. Siedler and Malamud20 discriminated cortical, cortico-
striatal, cortico-striato-cerebellar, cortico-spinal and cortico-nigral type.
In the literature, CJD exists under more than 50 different names and
many of these do not represent CJD in a modern sense. The dis-
crimination of all these variants is merely of historical interest but re-
cent molecular studies substantiated the existence of certain defined
phenotypes.

PrPres (after limited proteolytic digestion) may exist as 21 kDa
(type 1) and 19 kDa (type 2) isoforms which coupled with the status
of codon 129 of the PRNP gene underlie the existence of 7 molec-
ular variants—MM1, MV1, MM2- cortical, MM2—thalamic, MV2, VV1
and VV2. These variants differ both clinically and neuropathologically21.
Type MM1corresponds to classical sporadic CJD with changes in the
cerebral cortex, striatum, thalamus and the cerebellum; PrPd accumu-
lates mostly as synaptic deposits. This type comprises approximately
70% of sCJD cases. Second, most common type, VV2 comprises ap-
proximately 15% of all sCJD cases. Changes are confined to the limbic
system, striatum, the cerebellum, thalamus and hypothalamus and sev-
eral brain stem nuclei. The involvement of the cerebral cortex depends
on the duration of illness; those cases of short duration may exhibit mini-
mal cortical changes, spongiform change demonstrates laminar distribu-
tion while PrPd accumulates as plaque-like, perineuronal and synaptic
deposits. MV2 type (approximately 8%) is reminiscent of VV2 type—
spongiform change is confined to the subcortical structures while PrPd

expression is mostly plaque-like. In contrast to MV2 type, in VV2 type—
“true” (i.e., congophilic and visible in a routine H & E stain) plaques
predominates. MM2 type is further sub-classified into MM2-thalamic,
which corresponds to FFI and FSI cases and MM2-cortical, similar to
MM1 type, from which differs by limited cerebellum involvement and
larger (coarse) vacuoles. VV1 is very rare (<1% of all sCJD)—changes
are limited to cerebellar cortex and the striatum while other structures,
including the cerebellum are barely involved.

A more refined approach was used by Collinge et al.14,22 who ex-
ploited the size of PrPd fragments following limited PK digestion and the
relative abundance of mono-, di- and deglycosylated glycoforms. This



Neuropathology of Transmissible Spongiform Encephalopathies 17

approach discriminated PrPd types 1–4 and 6; type 5 exists in vCJD-
infected transgenic mice but not in humans. All type 1 cases are homozy-
gous for Met at codon 129 of the PRNP gene; type 2 may exist coupled
with every status of the codon 129; type 3 is associated with at least
one 129Val allele with the exception of a single CJD cases homozygous
for Met at codon 129. Type 4, characterized by predominance of digly-
cosylated glycoform, is unique for vCJD and BSE15. These types differ
neuropathologically as well as clinically. Type 1 cases demonstrated
widespread spongiform change in the cerebral cortex, mild changes in
the basal ganglia, cerebellum and brainstem but no spongiform degener-
ation in the hippocampus. In type 2 homozygous for 129Met cases, basal
ganglia are moderately affected while in heterozygous type 2 cases or
type 2 homozygous for 129Val, the basal ganglia are involved severely.
Type 3 MV cases are characterized by the presence of kuru plaques
already seen on routine H & E preparation.

The translation of the Collinge scheme into the Gambetti is not
straightforward, probably due to technical differences in the method-
ology for Western blots. Furthermore, chelation of metal ions performed
prion to PK digestion interconverts both type 1 and 2 MM PrP fragments
into so called 2− PrP23. Having said this, the Collinge’s type 1 MM,
type 2 MM, type 3 VV, type 2 MV and type 3 MV are similar to the
Gambetti’s type MM1, MM2-cortical, VV2, MV1 and MV2, respectively.
Thus, it seems that the Collinge sub-classification and the Gambetti sub-
classification are, basically, interconvertible. This notion has been sup-
ported by recent work which indicates that alterations in electrophoretic
mobility can be markedly influenced by pH variations in the brain tissue
homogenate. When pH is controlled, it appears that two major sub-
groups of PrPres can be identified in terms of electrophoretic mobility
of the unglycosylated band, corresponding to the types 1 and 2 of the
Gambetti et al. classification.

2.5. Classical Neuropathology

Creutzfeldt in 192024 described one case of a novel neurodegener-
ative conditions and Jakob described sequentially 5 cases25,26. Four
Jakob’s cases, still on files at the University of Hamburg, were reexam-
ined by Masters and Gajdusek27 who confirmed that 2 Jakob’s cases
fulfill modern criteria of CJD while remaining 2 cases represent other not
well defined neurological conditions. Of special interest is one of Jakob’s
cases with amyotrophy which initiated a long-lasting confusion of “amy-
otrophic type of CJD” that appear to be merely amyotrophic lateral scle-
rosis with dementia and which is not transmissible28. Neuropathological
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Figure 2.1. (a) Typical spongiform change. H & E; (b) status spongiosus; (c) Spongi-
form vacuoles as seen by electron microscopy. Vacuoles contain curled membrane
fragments and secondary chambers. Original magnification, ×12 000; (d) Intramyelin
vacuole, Original magnification, ×12 000.

description of Jakob’s cases based on studies of thick celloidin-
embedded sections stained according to the Nissl technique re-
vealed purely neurodegenerative process encompassing neuronal loss,
central chromatolysis and astroglial proliferation with neuronophagia.
Parenthetically, spongiform change were not visible by Nissl stain but
re-appeared when the coverslips were removed and section re-stained
with H & E.

The classical triad of CHD neuropathology consists of vacuolation
(spongiform change), neuronal degeneration (neuronal loss) and astro-
cytosis (Figure 2.1–2.2). The changes are bilaterally symmetrical but
may be local and, occasionally, even unilateral29.

2.6. Structural Changes

2.6.1. Spongiform changes

Most characteristic and even “semi-pathognomic” for CJD is the
presence of spongiform change which remain well preserved even
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Figure 2.2. (a) Dense astrocytic gliosis in a CJD case as revealed by Cajal gold
sublimate method. Courtesy of Prof. Herbert Budka, Vienna, Austria; (b) GFAP-
immunopositive astrocytes against a background of severe spongiform change. CJD
brain biopsy.

in exhumed cases30. Spongiform change consists of small, round or
oval vacuoles within neuropil (Figure 2.1); vacuoles are confluent and
form typical “morula-like” aggregates. In the cerebral cortex, spongi-
form change is confined to the deep cortical layers; those vacuoles in
the superficial cortical layers are characteristic for fronto-temporal lobar
degenerations including Pick disease or are merely artefactual. It must
be stressed, that in cases of longer duration spongiform change may be
masked by the overall loss of neurons, collapse of the cortical cytoar-
chitecture and robust proliferation of astrocytes. To this end, Masters
and Richardson31 discriminated “spongiform change” from “spongiform
state (“status spongiosus”),’ the latter consisting of larger cavities of ir-
regular shape in the neuropil (Figure 2.1b) between dense meshwork
of proliferating astrocytes. Status spongiosus is not specific for TSEs
and can occur in the end stage of a wide range of neurodegenerative
disorders if widespread neuronal degeneration and loss has occurred.
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In certain TSE, especially in fatal familial insomnia, vacuolation may be
very limited and largely focal; in the latter example it is generally confined
to some thalamic nuclei.

Ultrastructurally, vacuoles are always membrane-bound and contain
secondary-vacuoles or “chambers” (vacuoles within vacuoles), “curled”
membrane fragments and amorphous “fluffy” material of unknown com-
position (Figure 2.1c). The membranes lining the vacuoles may be
simple or multiple32. Typical vacuoles originate in neuronal elements—
mostly dendrites or, rarely, axons; those described in astrocytes seems
to be fixation artifacts. Spongiform vacuoles have been also studies by
scanning electron microscopy (SEM)33 which revealed ulcerations and
defective membranes as well as “rough elevated areas” corresponding
to “amorphous membranes” as seen by TEM. SEM detected also small
blisters that are equivalent to small vesicles by TEM.

The second type of vacuoles are those originated within the myelin
sheath (Fig 1d)34. These are largely non-specific finding but they may
be robust in the panencephalopathic type of CJD in which white mat-
ter is predominantly affected and its degeneration does not result from
Wallerian degeneration. These intramyelin vacuoles are several times
larger than diameter of average myelin fibre and looked “empty”. Within
distended myelin sheaths, shrunken axons are observed but many bul-
lous swellings contained no axons. Some axons look normal but others
were filled with neurofilaments and scanty electron-dense bodies. Still
other axons are attached to the innermost myelin lamellae by a thin
“neck” probably a mesaxon.

2.6.2. Astrocytosis

Variably severe astrocytosis is observed among almost all neurode-
generative conditions and CJD is no exception35. Hypertrophic astro-
cytes, detected by means of metal impregnation techniques (Holzer,
Kanzler or Cajal’s—Figure 2.2a) or more recently by immunostaining
against glial fibrillary acidic protein (GFAP) (Figure 2.2b), are seen in
all vacuolated areas. In cerebral cortex they are particularly prominent
in deeper cortical layers, where swollen or gemistocytic forms are fre-
quently observed. When destruction is so severe to lead to the collapse
of vacuolated neuropil, proliferating astrocytes may virtually replace all
other cellular elements. In such a situation the spongiform change may
no longer be recognizable. In the cerebellum the proliferation of the as-
trocytes known as Bergman glia is frequently observed in a wide range
of human TSEs.

Ultrastructurally, hypertophic astrocytes are no much different than
those from other conditions. They are characterized by abundant glial
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filaments within the cytoplasm. Liberski et al.36 described close contacts
between astrocytes and oligodendroglial cells; the pathophysiological
significance of this phenomenon is uncertain.

There are only two overlapping morphometric studies of astrogliosis
in the cerebella (both Bergmann and velate astrocytes) in two cases
of the ataxic form of CJD37,38. Astrocytes increased from 192.76 ±
117.98 per mm2 in controls to 278.08 ± 137.73 per mm2 in CJD. An
increase in the cross sectioned nuclear area of Bergmann glia (32.72 ±
6.8 µm2 vs 42.75 ± 9.61 µm2) and of velate astrocytes (34.86 ±
7.29 µm2 vs. 39.37 ± 7.10 µm2) was seen when control values were
compared with those of CJD values. Of note, the basic three-dimensional
geometry of the astrocytic scaffold of the cerebellum was maintained de-
spite severe loss of granule cells. Electron microscopy revealed several
subcellular organelles, rare but otherwise typical for reactive astrocytes,
single cilia consisting of ciliary shafts, clusters of interchromatin and
perichromatin granules, various adhesive plaque junctions and simple
and granular nuclear bodies. Of particular interest is the presence of
infoldings of plasma membranes in the perivascular regions of astro-
cytic end-feet. These infoldings were covered by an interrupted or con-
tinuous electron-dense undercoat of 30–60 nm in diameter. The latter
observation is in agreement with the earlier freeze-etching study of
Dubois-Dalcq et al.39 who showed an increased number of astrocyte-
specific particles as opposed to their depletion on membranes forming
vacuoles.

2.6.3. Amyloid plaques

In GSS, vCJD and in some murine scrapie models of disease, “clas-
sical” amyloid plaques are frequent (Figure 2.3), but are often absent
in many human TSEs cases40, in BSE and most ovine scrapie. The
presence of amyloid (i.e., a protein in a β-sheeted conformation12) can
be detected in situ by tinctorial stains for amyloids, including birefrin-
gence following staining with Congo red, immunohistochemistry for PrP,
or, in brain homogenates, in the form of fibrillar PrP aggregates labelled
prion rods13. However, on transmission electron microscopy most of
the disease specific PrPd identified in TSE affected brains by immuno-
cytochemistry is not visibly fibrillar41.

Typically, “classical” amyloid plaques consist of a congophilic PrP-
immunopositive dense core of densely interwoven amyloid fibrils sur-
rounded by different numbers of dystrophic neurites (DN). The amly-
oid plaque usually exhibits positivity for other tinctorial stain including
Periodic acid-Schiff (PAS), Alcian blue and various silver impregnation
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Figure 2.3. (a) PrPd -immunopositive amyloid plaque; (b) An amyloid plaque containing
abundant microglial cells immunostained against ferritin. GSS case42; (c) an electron
micrograph showing a microglial cell (its nucleus is visible in the upper part of the picture)
in close contact with amyloid fibrils. Original magnification, ×30 000; (d) A typical stellate
kuru plaques. Original magnification, ×12 000; (e) A plaque (upper right) from a GSS
case46. In the lower left part a huge dystrophic neurite is visible. Original magnification,
×12 000.

techniques. The PrP-plaque is penetrated by astrocytic processes.
Microglial cells were detected in plaques of GSS42 (Figure 2.3b-c) and
in murine scrapie plaques43. The exact morphology of the PrP-plaque
varies. Thus, the “kuru” plaque consists of stellate core with minimal
numbers dystrophic neurites (or non at all) (Figure 2.3e)44. Multicentric
plaques consisting of numerous such cores of different sizes and shapes
are typical of GSS 45,46. In vCJD, the large fibrillary amyloid plaques in
the cerebral and cerebellar cortex are surrounded by a corona or “halo”
of spongiform change, the so-called “florid” plaque47.

2.6.4. Neuroaxonal dystrophy

Neuroaxonal dystrophy (NAD) is one form of neuronal degeneration48

which may occur in apparently normal brains but became “pathological”
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Figure 2.4. (a) a cluster of NFP-immunopositive neuritis in a case of CJD; (b) a dys-
trophic neurite containing numerous neurofilaments and immersed in them lysosomal
electron-dense bodies. Original magnification, ×12 000.

only if found in increased numbers. The ultrastructural correlate of NAD
is a dystrophic neurite—a neuronal process (a dendrite or a myeli-
nated axon) filled with abnormal subcellular organelles—like lysosomal
electron-dense bodies or masses of neurofilaments (Figure 2.4).

NAD was described in CJD49, GSS46 and in numerous experimental
scrapie models. Dystrophic neurites in both natural and experimental
CJD accumulate phosphorylated neurofilament proteins (Figure 2.4)50.

2.6.5. Apoptosis and autophagy

As in many neurodegenerative diseases caused by the accumulation
of “toxic” proteins such as Alzheimer’s disease, neurons in TSEs die via
programmed cell death of which only the apoptotic process is relatively
well characterized. Three types of programmed cell death (PCD) can be
discriminated51.

1) First type (apoptosis), is characterized ultrastructurally by spe-
cific alterations—cell shrinkage, condensation of chromatin and,
eventually, formation of so called “apoptotic bodies”. The latter
are actively phagocytosed by macrophages.



24 Liberski and Ironside

2) A second type is characterized by formation of numerous cyto-
plasmic autophagic vacuoles that are subsequently fused with
lysosomes. The appearance of autophagy is followed by mito-
chondria dilatation and expansion of Golgi apparatus and en-
doplastic reticulum. The molecular mechanism is different that
that of apoptosis and consists of complex interplay of numerous
proteins including the Tor kinase.

3) A third type is similar to the second type, except for the negligi-
ble or absent involvement of lysosomes. Ultrastructurally, type 3
cell death is characterized by swelling of intracellular organelles
resulting in the formation of large empty spaces within the cyto-
plasm. Of interest, TSEs are characterized of “spongiform vac-
uoles” formation within neuronal elements52. While the latter
have never been linked to the type 3 PCD, the ultrastructural
resemblance of “large empty spaces” to “spongiform vacuoles”
appear to be worthy of studies.

Using TUNEL methodology, apoptotic neurons have been repeat-
edly shown in both naturally occurring and experimentally induced
TSEs53−55, and some investigators believe that at least a proportion
of “dark neurons” may represent those cells undergoing apoptosis. The
latter cells appear shrunken and of homogeneously dark cytoplasm.
Their real significance is uncertain and many workers regarded them,
however, as merely fixation artefacts. Furthermore, typical autophagic
vacuoles have been reported by us56, and by others57,58 in CJD- and
scrapie-affected rodent brains. Recently, autophagy was found in de-
generating synapses in CJD59.

Autophagy, being an evolutionarily ancient cellular response to intra-
and extracellular noxious stimuli, may precede or co-exist with apopto-
sis, and the process may be induced by apoptotic stimuli. Furthermore,
the level of autophagy may define the sensitivity of a given neuronal
population to apoptotic stimuli, which may underlie the phenomenon of
“selective neuronal vulnerability”60. Thus, autophagy and apoptosis are
interconnected.

Cellular autophagy is a physiological degradative process employed,
like apoptosis, in embryonic growth and development, cellular remod-
eling and the biogenesis of some subcellular organelles—viz. multil-
amellar bodies. Nascent immature autophagic vacuoles coalesce with
lysosomes to form degraded autophagic vacuoles, and in apoptosis,
only excessive or wrongly placed autophagy cause a pathological pro-
cess. Of note, autophagy is highly enhanced in other brain amyloidoses,
Alzheimer disease, Parkinson’s disease, Huntington’s disease, where
the signal for autophagy is huntingtin. Here, we extend these observa-
tions using different model of scrapie and CJD61.
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2.6.6. Definition of autophagic vacuoles

Autophagic vacuoles are composed of areas of the cytoplasm se-
questrated with single, double or multiple membrane (phagophores)
originating from the endoplasmic reticulum. Sequestrated cytoplasm
contains ribosomes, small secondary vacuoles, and occasional mito-
chondria. Some vacuoles presented a homogenously dense appear-
ance.

2.6.7. Formation of autophagic vacuoles in TSE
experimental models

Both scrapie models used by us (the 263K and 22C-H) revealed simi-
lar frequencies and ultra-structural features of autophagic vacuoles, and
will be described together. The various changes were observed simulta-
neously in different areas of the same sample but the following descrip-
tion is organised according to our interpretation of their chronological
evolution. Initially, a part of the neuronal cytoplasm was sequestrated
by concentric arrays of double membranes; the enclosed cytoplasm ap-
peared relatively normal except that its density was often increased. In
many affected neurons, electron density of the central area drastically in-
creased. The membranes duplicated within the cytoplasm in a labyrinth-
like manner and the area sequestrated by these membranes enlarged
into a more complex structure consisting of vacuoles, electron-dense
areas and areas of normally-looking cytoplasm connected by convo-
luted membranes (Figure 2.5). Of note, autophagic vacuoles form not
only in neuronal perikarya but also in neurites and synapse59. We also
observed, a large area of the cytoplasm transformed into a collection
of autophagic vacuoles of different sizes and it seems that the latter
may represent a final stage of autophagy as the number of such cells
increased toward the terminal stage of the incubation period. In experi-
mental CJD and GSS, autophagy was also seen albeit with much lower
frequency.

2.6.8. Tubulovesicular structures

The tubulovesicular structures (TVS) (also known as the scrapie-
associated particles) are the only structures unique at the level of thin-
section electron microscopy for all TSEs so far examined and have been
identified in GSS, CJD, many rodent scrapie models, BSE, and in natural
scrapie of sheep49,62−65. TVS were first described in mice infected intrac-
erebrally scrapie66. Of note, in natural scrapie in sheep TVS appeared
as membrane-bound accumulations of round particles measuring 35 nm
in diameter. The electron-dense core could be demonstrated in some of
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Figure 2.5. Typical autophagic vacuole consisting of convoluted membranes seques-
trating a part of neuronal cytoplasm. Original magnification, ×12 000.

them67 (Figure 2.2, inset). TVS have been reported in the majority of
models of scrapie in rodents studied so far. In humans, TVS were found
in CJD49,68, GSS63, vCJD and FFI68.

At low magnification, a process containing TVS is crowded with struc-
tures typically of higher electron density than other elements in this field.
In cross section, TVS are smaller than synaptic vesicles but larger than
microtubules; their profiles are highly variable (Figure 2.6).
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Figure 2.6. (a) Low power electron micrograph of distended terminal crowded with
TVS. Original magnification, ×12 000; Lower (c) and higher (c) magnification of TVS.
Note that TVS are highly pleomorphic. Original magnification, (a), ×12 000; (b), ×50 000.

The exact topology of TVS is not entirely clear. In most published
electron micrographs TVS appeared as spheres measuring between 20
and 40 nm in diameter. Some investigators suggested that the tubular
“arrays” of TVS result from overlapping spherical profiles, but we repeat-
edly shown short tubular forms of TVS, and it is therefore evident that
TVS are pleomorphic structures existing in at least two forms—spheres
and short tubules.

Only limited data are available concerning the number and density
of TVS through the incubation time of experimental TSEs. In hamsters
inoculated with the 263K strain of scrapie, TVS were initially observed
as early as 3 weeks after i.c. inoculation, but their number increased
only with the onset of disease at 9 to 10 weeks after inoculation69. Note-
worthy, vacuolation and astrocytosis were detected at 8 weeks post-
inoculation and, thus, followed the appearance of TVS.Similar findings
were described by64. In mice infected with the Fujisaki strain of GSS,
TVS were first seen 13 weeks after i.c. inoculation and their numbers in-
creased dramatically at 18 weeks after inoculation, when the first signs
of clinical disease were noted69. In contrast to 263K, the Fujisaki strain
of CJD showed vacuolation and astrocytosis at the same time as the
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appearance of TVS and the increase in the number of processes con-
taining TVS paralleled the increasing intensity of vacuolation and as-
trocytosis. TVS were approximately twice as abundant in terminally ill
mice following intraocular inoculation as in mice following intracerebral
inoculation69. By contrast, final intensity of vacuolation and astrocyto-
sis was not dependent on the route of inoculation. In conclusion, TVS
appear early in the incubation period, preceding the onset of clinical dis-
ease. Furthermore, in scrapie-infected hamsters, TVS preceded the ap-
pearance of other neuropathological changes. The approximately 103-
fold lower infectivity titre of the Fujisaki strain of CJD, compared to the
263K strain, may have accounted for the delayed appearance of TVS
in experimental CJD. The apparent correlation between the number of
neuronal processes containing TVS and infectivity titre may explain why
in cell cultures infected with scrapie, TVS could not be found and why
their number in experimental scrapie in sheep or CJD in humans was
so low49,65.

2.6.9. Biochemistry of TVS

The chemical composition of TVS is unknown. Earlier studies re-
ported that ruthenium red enhances contrast of TVS. These staining
properties of TVS may be interpreted as an evidence for the presence
of glycosyl residues within TVS. To evaluate whether PrP is a part of
TVS, we employed immunogold electronmicroscopy70,71. In all models
TVS-containing processes were readily detected and neither these pro-
cesses nor TVS themselves were decorated with gold particles. Even
if amyloid plaques were observed in close contact with TVS-containing
neuronal processes, the plaques were decorated with gold particles
while the processes remained unstained70,71. At higher magnification,
amyloid fibrils were clearly visible with numerous round or short tubu-
lar particles attached to them. At such a magnification, these particles
were membrane-bound and their diameter was approximately twice that
of amyloid fibrils; they were virtually indistinguishable from TVS. TVS
located in areas adjacent to plaques in the 87V model and in areas of
diffuse PrP immunolabelling in ME7 model were also unlabelled with
anti PrP antisera.

2.7. PrPd Immunohistochemistry

Immunohistochemistry (ICC) became the major diagnostic tool to de-
tect PrPd21 along with its more refined equivalent the histoblot 72 and
paraffin-embedded blot (PET) technique73. The major caveat of ICC



Neuropathology of Transmissible Spongiform Encephalopathies 29

Figure 2.7. (a) Synaptic pattern of PrPd accumulation (b) Perivacuolar PrPd pattern
of immunostaining; (c) Perineuronal PrPd pattern of immunostaining. Note that large
neuron in the middle has radiating processes decorated with PrPd deposits; (20) Stripes
of PrPd immunoreactivity running perpendicularly to the surface of the cerebellum.

is to get rid of PrPc as all available antibodies, including widely used
and commercially available 3F4 and 6H8 antibodies, cannot discrimi-
nate between PrPc and misfolded PrPd. To this end, different unmasking
techniques are used—hydrating or hydrolytic autoclaving, microwaving,
formic acid or guanidinum thiocyanate incubation; a combination of sev-
eral of preatreatments may give the best results.

Several patterns of PrPd expression are revealed by ICC21. Those
include: the most difficult to visualize, synaptic (Figure 2.7a), perivacuo-
lar (Figure 2.7b), perineuronal (Figure 2.7c) and plaque-like. In certain
familial forms of CJD, including the E200K mutation, stripes of PrPd im-
munopositivity running perpendicularly to the surface of the cerebellar
cortex is visible (Figure 2.7d)74. If plaques are visualized by a routine
neuropathology (H & E, PAS- or Alcian blue stainings) these are labeled
“plaques”; if they are detected only by ICC and are not visible by routine
techniques, they are called “plaque-like”. In chronic wasting disease6

and in some experimental scrapie models70,71, subependymal deposits
(subependymal plaques) are visible. These correspond, ultrastructurally,
to areas of low electron density containing haphazardly-oriented fibrils
that, when stained with anti-PrP Abs, are heavily decorated with PrP-
conjugated gold particles (Figure 2.8).
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Figure 2.8. (a) A loose plaque in the subependymal location. Note amyloid fibrils in
electron-lucent spaces; (b) a high magnification showing PrPd-immunopositive amyloid
fibrils floating in electron lucent spaces. Dark deposits in (b) correspond to anti-PrP-
conjugated gold-silver enhanced particles70. Original magnification, (a), ×4400; (b),
×50 000.

In both models, perivacuolar PrP deposits are also visible. Recently,
intraneuronal PrPd deposits have been described75−76. The intraneu-
ronal PrPd deposits may exist as diffuse type in the neuronal perikaryon;
large intracytoplasmic inclusion bodies reminiscent somehow Pick bod-
ies, intracytoplasmic punctuate deposits and somato-synaptic dots.
There is inverse relation between PrPd accumulation in neurons and
overall PrPd-immunostaining; furthermore, cases with robust PrPd-
immunostaining and low intranuclear staining exhibit lower age of
onset. Of note, similar intraneuronal PrPd-immunostaining was ob-
served in celiac, superior mesenteric and stellate ganglia of vCJD
cases77.

PrPd is also present in the peripheral nervous system as well as in
lymphoid tissue, including the spleen78. In CJD, PrPd was detected in
satellite cells and neurons of trigeminal ganglia79, and in an adaxonal
location (Schwan cells ?) in nerve fibers. Those deposits were scant
and were observed in 1 of 9 CJD cases and in 1 GSS case80. The
paucity of peripheral PrPd deposition remains in strong contrast to the
widespread expression of PrPd in experimental scrapie both in sheep
and in hamsters81. In contrast, using sensitive Western technique, PrPd

was readily detected in spleen in 10 of 28 CJD cases and in the spleen of
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8 of 32 CJD cases82. Of note, peripheral accumulation of PrPd seems to
be more abundant in uncommon CJD variants—MM2—cortical or MV2
(see section on classification).

2.8. Particularities of disease

2.8.1. Kuru

Kuru1, the first human neurodegenerative disease classified as a
transmissible spongiform encephalopathy (TSE) was first reported to
Western medicine in 1957 by Gajdusek and Zigas83. The first sys-
tematic examination of kuru neuropathology (12 cases) was published
by Klatzo et al. in 195984. Pathological changes were confined to the
brain and spinal cord, with the cerebellum, pontine nuclei, thalamus,
and spinal cord bearing most of the burden. Macroscopically, some
brains were oedematous and leptomeninges were congested. Micro-
scopically, neuronal changes observed in anterior motor neurons of the
spinal cord, in different brain stem nuclei, in the cerebellum, and in the
cerebral cortex were non-specific in nature but nonetheless sufficient
for Klatzo et al. to draw a parallel between kuru and Creutzfeldt-Jakob
disease.

Numerous neurons were either shrunken and hyperchromatic or,
to the contrary, pale with dispersion of Nissl substance or intracyto-
plasmic vacuoles not unlike those seen in scrapie, BSE, and chronic
wasting disease, but which are rather infrequent in human TSE. In
the striatum, some neurons were vacuolated to such a degree that
they looked “moth-eaten”. Neuronophagia was observed. A few bin-
ucleated neurons were visible and torpedo formation was noticed in
the Purkinje cell layer, along with empty baskets that marked the pres-
ence of degenerated Purkinje cells85. In the medulla, neurons of the
vestibular nuclei and the lateral cuneatus were frequently affected; the
spinal nucleus of the trigeminal nerve and nuclei of VIth, VIIth, and
motor nucleus of the VIth cranial nerves were affected less frequently
while nuclei of the XIIth cranial nerve, the dorsal nucleus of Xth cranial
nerve and nucleus ambiguous were relatively spared. In the cerebral
cortex, the deeper layers were affected more than the superficial layers,
neurons in the hippocampal formation were normal. In the cerebellum,
the paleocerebellar structure (vermis and flocculo-nodular lobe) was
most severely affected, and spinal cord pathology was most severe in
the corticospinal and spinocerebellar tracts. Astro- and microglial pro-
liferation was widespread; the latter formed rosettes and appeared as
rod- or amoeboid types or as macrophages (gitter cells). Myelin degra-
dation was observed in 10 of 12 cases. Interestingly, the significance
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of vacuolar changes was not appreciated by Klatzo et al.84, but “small
spongy spaces”, were noted in 7 of 13 cases studied by Beck and
Daniel85.

The most striking neuropathologic feature of kuru is the presence
of numerous amyloid plaques, described as “spherical bodies with
a rim of radiating filaments’’ and found in 6 of 12 cases studied by
Klatzo et al.84, and in “about three quarters” of the 13 cases of Beck and
Daniel85; they became known as “kuru plaques”. These measured 20–
60 µm in diameter, were round or oval and consisted of a dark-stained
core with delicate radiating periphery surrounded by a pale “halo”. Kuru
plaques were most numerous in the granular cell layer of the cerebel-
lum, basal ganglia, thalamus, and cerebral cortex in that order of fre-
quency. It is noteworthy that in Gerstmann-Sträussler-Scheinker disease
(GSS) plaques are located in both the granular cell and molecular lay-
ers, whereas in CJD plaques are confined to granular cell layer. Kuru
plaques are metachromatic and stain with PAS, Alcian blue, and Congo-
red, and a proportion of them are weakly argentophilic when impreg-
nated according to Belschowsky or von Braunmühl techniques. Klatzo
et al.84 reported that plaques were most readily visualized by Holmes’
silver impregnation method. Of historical interest, another unique dis-
ease reported by Seitelberger86 as ‘ ‘A peculiar hereditary disease
of the central nervous system in a family from lower Austria’’
(germ. Eigenartige familiar-hereditare Krankenheit des Zentralner-
vensystems in einer niederoosterreichen Sippe) was mentioned by
Neumann et al.87 who was thus the first person to suggest a connection
between kuru and GSS and kuru.

Recently, a renewed interest in kuru pathology has been provoked by
the appearance of a variant form of CJD (vCJD) resulting from infec-
tion by the agent of bovine spongiform encephalopathy (BSE), that is
also characterized by numerous plaques, including “florid” plaques—
a kuru plaque surrounded by a corona of spongiform vacuoles.
Hainfellner et al.44 analyzed by means of modern immunohistochem-
istry the case of a young male kuru victim (Kupenota) from the South
Fore region whose brain tissue had transmitted disease to chimpanzees,
and McLean et al.88 examined a series of 11 cases of kuru still in
the archives of the University of Melbourne. In contrast to the clas-
sical studies described above, both papers stressed the presence of
typical spongiform change present in deep layers (III–V) of the cingu-
late, occipital, enthorrinal and insular cortices, and in the subiculum.
Spongiform change was also observed in the putamen and caudate,
and some putaminal neurons contained intraneuronal vacuoles. Spongi-
form change was prominent in the molecular layer of the cerebellum, in
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peraqueductal gray matter, basal pontis, central tegmental area, and in-
ferior olivary nucleus. The spinal cord showed only minimal spongiform
change.

Immunohistochemical studies revealed that misfolded PrP was
present not only in kuru plaques (Figure 2.9a), already demonstrated to
be PrPSc-immunoreactive by Piccardo et al.89, PrPSc but also in synap-
tic and perineuronal sites, and in the spinal cord the substantia gelati-
nosawas particularly affected, as in iatrogenic CJD cases following pe-
ripheral inoculation90.

2.8.2. Gerstmann-Sträussler-Scheinker
(GSS) disease

Gerstmann-Sträussler-Scheinker disease was described in 1936 and
then it was re-evaluated by Seitelberger86 and von Braunmühl91 and
transmitted to chimpanzees by Masters et al.3. In classical papers
of Seitelberger86 and Boellaard et al.92 the similarities of GSS neu-
ropathology to that of kuru was stressed and preconceived the transmis-
sion experiments of Masters et al.3. Following discovery of a mutation
(Pro102Leu) in the PRNP gene by Hsiao et al.93 many new mutations
and new families have been described94. A detailed study of the first
GSS family was published by Hainfellner et al.45.

The detailed description of all diverse families is beyond the scope of
this chapter and was reviewed elsewhere94,95 and only general overview
will be provided. The hallmark of GSS is multicentric plaque (Figure
2.9b–c). In contrast to CJD, where kuru plaques occur predominantly in
the granular and the Purkinje cell layer, multicentric plaques are present
in the molecular layer of the cerebellum45,94,96. As the name “multicen-
tric” implies, GSS plaques are composed of several cores of different
sizes merging together. In contrast to classical kuru plaques, multicen-
tric plaques are neuritic, i.e., they are surrounded by dystrophic neurites
immunolabeled against neurofilament proteins. In several families, dys-
trophic neurites contained also paired helical filaments (PHF)—identical
to those found in dystrophic neurites in Alzheimer’s disease96,97. At
the level of electron microscopy, separate cores are readily discernible
but overlapping. Multicentric plaques fulfill the criteria for amyloid—
like kuru plaques they are congophilic and birefringent under polarized
light. In addition, diffuse PrPd deposits may be demonstrated by PrP-
immunohistochemistry. PrPd in diffuse (or amorphous) plaques is not yet
fibrillised. Spongiform change is variable in GSS and its presence de-
pends on the presence of 21 kDa PrP fragments. In classic description,
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Figure 2.9. (a) A row of PrPd-immunupositive kuru plaques44; (b) A typical multicentric
plaque stained against PrPd; (c) an electron micrograph of a cluster of several amyloid
plaques from a GSS case46, note a microglial cell in a vicinity; original magnification,
×4400.
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GSS was regarded as “system degenerations”86 and indeed, several
white matter long tracts were found to degenerate in GSS.

2.8.3. Variant Creutzfeldt-Jakob disease

In 1996, Will et al.47 reported a novel from of human prion disease
which is now known as vCJD. Clinically, this disorder presents as a
progressive neuropsychiatric syndrome with psychiatric and/or sensory
symptoms at disease onset followed by ataxia, other movement disor-
ders (particularly myoclonus), visual abnormalities and cognitive impair-
ment, resulting in a terminal akinetic and mute state. Since its original
description, 146 cases of vCJD have been identified in the UK, 6 cases
in France and 1 in each of Canada, Ireland, Italy and the US. In the UK,
the rate of new cases of vCJD has declined significantly over the past
12–18 months. Unlike most other forms of prion disease, this disorder
predominantly affects young adults with an average age of onset around
28 years and a duration of illness of around 13 months. All patients who
have been genotyped are methionine homozygotes at codon 129 in the
prion protein gene.

The neuropathology of vCJD is distinct from other human prion dis-
eases, and is characterized by multiple florid plaques. Florid plaques
(Figure 2.10a) are fibrillary structure with a dense core surrounded by a
pale region of radiating fibrils, and surrounded by a ring of spongiform
change47. These plaques can be demonstrated using silver impregna-
tion techniques and the PAS and Alcian blue stains98. Florid plaques
occur in all layers of the cerebral cortex, but are most conspicuous at
the bases of the gyri in the occipital and cerebellar cortex. They are also
numerous in the molecular layer of the cerebellum.

Ultrastructural studies of the florid plaques in variant CJD have
demonstrated the masses of radiating fibrils at the periphery, with abnor-
mal neurites similar to those seen at the periphery of the Aβ plaques in
Alzheimer’s disease (Figure 2.10c)99. Neurofibrillary tangles and paired
helical filaments have not been identified in variant CJD, and immunocy-
tochemistry for tau gives negative results. Immunoelectron microscopy
showed PrP accumulation both in the amyloid fibrils and in some of the
abnormal cell membranes surrounding the plaques100.

Spongiform change is widespread but often patchy within the cere-
bral cortex, mostly in a microvacuolar pattern or in relation to amyloid
plaques. In contrast, confluent spongiform change is always present
in the caudate nucleus and putamen, and focal spongiform change is
present in most of the thalamic nuclei, the hypothalamus and globus
pallidus, but the posterior thalamic nuclei (including the pulvinar) are
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Figure 2.10. (a) A typical florid plaque from a case of vCJD, composed of a fib-
rillary amyloid core surrounded by small spongiform vacuoles; (b) PrP immunocyto-
chemistry shows an intense positive reaction in florid plaques in vCJD. Many smaller
plaques and amorphous PrP deposits are also demonstrated; (c) Perineuronal and lin-
ear periaxonal patterns of the PrP-accumulation in the basal ganglia in a vCJD case;
(d) PrP-immunoreactivity in the tonsil of a vCJD case, showing staing of follicular den-
dritic cells within a germinal centre; (e) An electronmicrograph showing the florid plaque.

spared. Mild spongiform change is detected in the periaqueductal grey
matter in the midbrain, in the pontine nuclei and in cerebellar cortex,
often associated with amyloid plaques.

Neuronal loss in the cerebral cortex is most severe in the primary vi-
sual cortex. Neuronal loss in the basal ganglia is most evident in cases
with severe and confluent spongiform change. In the thalamus, neu-
ronal loss was most severe in the posterior nuclei, particularly in the
pulvinar, which also showed marked astrocytosis101. The severe as-
trocytosis in the posterior thalamus was best visualized on immuno-
cytochemistry for glial fibrillary acidic protein101. This technique also
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demonstrated astrocytosis in relation to areas of severe neuronal loss
and less frequently around the margins of amyloid plaques in other brain
regions. Neuronal loss and astrocytosis were not conspicuous in the
pons, medulla and spinal cord, but were variable in the cerebellum,
sometimes most severe in the vermis.

2.8.4. Immunocytochemistry

The florid plaques in the cerebral and cerebellar cortex give an intense
positive reaction on immunocytochemistry for PrP98 (Figure 2.10b).
Smaller “cluster plaques” are revealed by immunocytochemistry for PrP
in all cases. PrP immunocytochemistry also shows a widespread amor-
phous pericellular deposition of PrP around small neurons in the cerebral
and cerebellar cortex. In the basal ganglia there is a predominantly per-
ineuronal and periaxonal pattern of PrP accumulation (Figure 2.10c). A
synaptic pattern of immunoreactivity with occasional plaques is detected
in the thalamus. In the brainstem and spinal cord, PrP positivity is present
at all levels in the gray matter, particularly in the substantia gelatinosa.
No PrP accumulation was detected in either the leptomeninges or the
dura mater.

2.8.5. Quantitative neuropathology in variant CJD

Quantitative studies on the first cases of variant CJD confirmed the
initial morphological descriptions and indicated that the measurable his-
tological accumulation of abnormal PrP deposits in the cerebellum was
far greater than in sporadic CJD cases102. Furthermore, the selective
involvement of the posterior thalamus was demonstrated, with levels of
astrocytosis far in excess of sporadic CJD cases102. Subsequent quanti-
tative studies have demonstrated that in the cerebral cortex the spongi-
form change is consistently most pronounced in the occipital cortex,
but the relationship between the spongiform change and the presence
of PrP amyloid plaques varies in different brain regions103,104. Analysis
of the spatial patterns of abnormal PrP deposition in variant CJD has
found no significant differences between different regions of the cere-
bral cortex105. In addition to quantitative histology, there is the prospect
of developing textural analysis techniques to investigate the differences
in patterns of abnormal PrP deposition106.

2.8.6. Non-CNS tissues

PrP accumulation is identified in the retina and optic nerve107, spinal
dorsal root ganglia and in the trigeminal ganglia, but peripheral sensory
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Table 2.1. Pathological diagnostic features of variant CJD

1. Multiple florid plaques in H&E sections; numerous small cluster plaques in PrP
stained sections.

2. Amorphous pericellular and perivascular PrP accumulation in the cerebral and
cerebellar cortex.

3. Severe spongiform change; perineuronal and axonal PrP accumulation in the
caudate nucleus and putamen.

4. Marked astrocytosis and neuronal loss in the posterior thalamic nuclei and midbrain.
5. Reticular and perineuronal PrP accumulation in the grey matter of the brainstem

and spinal cord.
6. Predominance of di-glycosylated PrPRES in central nervous system and lymphoid

tissues.
7. PrPRES accumulation in germinal centres within lymphoid tissues throughout the

body.

and motor nerves contain no detectable PrP. Immunocytochemistry
for PrP in other organs (adrenal gland, thyroid gland, parathyroid
gland, skeletal muscle, bladder, testes, pelvic organs (vagina, cervix,
uterus, Fallopian tubes and ovaries), heart, lung, liver, kidney, oe-
sophagus, stomach, pancreas, gall bladder, salivary gland and skin is
negative98,108.

In contrast, PrP accumulation is identified in follicular dendritic cells
and macrophages within many germinal centres in the tonsils (Figure
2.10d) and within germinal centres in the appendix, Peyer’s patches
in the ileum, spleen and lymph nodes from the cervical, mediastinal,
para-aortic and mesenteric regions and the thymus98,108,109.

Neuropathological studies were important in identifying variant CJD
as a novel human prion disease47. The diagnostic pathological features
of variant CJD are summarized in Table 2.1.

Although florid PrP amyloid plaques have been described in cases of
iatrogenic CJD following dura mater graft procedures110, their number
and distribution in the brain is more restricted than in variant CJD. In ad-
dition, the biochemical features of abnormal PrP in the brain in variant
CJD on Western blot examination is relatively uniform108 (in contrast to
sporadic CJD, where multiple PrP isotypes have been identified111,112).
These findings reinforce the need for detailed characterisation of human
prion diseases by clinical, pathological and biochemical studies, which
can be reinforced by experimental transmission to demonstrate infectiv-
ity and to undertake strain typing studies. This has been reinforced by the
identification of a recent case of vCJD in a recipient of a blood transfusion
from a donor who has died earlier (after donation) from vCJD113. Strain
typing studies on the first cases of variant CJD allowed the early recogni-
tion of the similarities in the transmissible agent in BSE and variant CJD.
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These findings have been supported by other independent workers, re-
inforcing the link between these disorders14,114,115,116. As BSE has now
been identified in many other countries across the world, it is possible
that more cases of vCJD will be identified outside the UK. The future
for vCJD in the UK remains uncertain, since it is not clear if the other
codon 129 subgroups will be susceptible to this disease. If so, increased
numbers of cases might occur over an unknown time period, indicating
a need for continued surveillance for CJD, at least in the near future.
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AKH 4J, Währinger Gürtel 18--20, A-1097 Vienna, Austria

3.1. Introduction

While a great deal of research has been done during the last years
to elucidate modes and spread of prion infection, and significant ad-
vances have been achieved in those fields, the way how prions harm
the central nervous system still remains enigmatic. The clinical picture
in prion diseases is dominated by central neurological symptoms, which
are presently believed to be due to an early synaptic dysfunction1 and,
at later stages, neuronal loss. What we do not know is, how are neu-
rons actually affected by the disease? Why are some neurons more
readily destroyed than others? What is the role of the cellular prion pro-
tein, PrPC, in the whole process? And how does the pathological prion
protein, PrPSc, contribute?

Historically, there were two major approaches to prion pathogenesis:
once, the so-called “gain of function-hypothesis”, which put forward a
possible neurotoxic effect of an abnormally folded, not further degrad-
able protein that is deposited in considerable amounts in the brains
of affected individuals. On the other hand, one could argue, that the
continuous conversion of PrPC to PrPSc might lead to decreased avail-
ability and/or functional impairment of the former, so that its assumed
neuroprotective effects are lost. This was central to the “loss of function-
hypothesis”. Both theories had their advocates. Although none of them
has definitely proven right or wrong, the situation is certainly much too
complex to be satisfyingly explained by one simple model.

What seems now clear is the incapacity of PrPSc accumulation alone
for causing symptomatic disease2,3. PrP deficient mice are generally
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resistant to scrapie4,5. When PrPSc deposition is induced in such animals
by grafting neural tissue overexpressing PrPC into their brains and in-
tracerebrally inoculating them with scrapie prions, the grafts accumulate
PrPSc, which also spills over to the host brain. But while the grafts de-
velop severe, scrapie-like neurodegeneration, the brain tissue devoid of
PrPC shows no damage at all2. Furthermore, if neuronal PrPC is depleted
in mice with ongoing neuroinvasive prion infection, non-neural replica-
tion and accumulation of prion infectivity continues, but early cerebral
histopathological changes are reversed, and neuronal loss and progres-
sion to clinical disease are prevented3. Thus, expression of the normal
prion protein must play a crucial role in the development of neurodegen-
eration after prion infection. This knowledge implies another question:
must PrPC necessarily be present on all types of brain cells (i.e. neurons,
astrocytes, and oligodendrocytes) to confer 1. susceptibility to clinical
prion disease, 2. formation of PrPSc, and 3. transmission of infectivity
and disease?

To address this issue, several transgenic mouse models have been
generated expressing PrPC selectively in neurons6, astrocytes7, and
oligodendrocytes8, respectively. Subsequent inoculation and transmis-
sion experiments revealed that mere neuron-specific expression of ham-
ster PrPC suffices to support prion infection and disease development6,
while restriction of murine PrPC to oligodendrocytes does not8. The role
and impact of astrocyte-specific PrPC expression is discussed controver-
sially. Raeber and colleagues reported that transgenic mice expressing
hamster PrPC selectively in astrocytes are susceptible to prion infection7.
On the ultrastructural level, brains of these mice show TSE-typical neu-
ronal lesions despite lack of neuronal PrPC 9, suggesting that deposi-
tion of PrPSc in intimate proximity to neurons and their processes is
sufficient to induce TSE pathology. However, the studies mentioned be-
fore, although using a different approach (neuroectodermal grafting2 or
postnatal neuron-specific downregulation of PrPC expression3) argue
against this hypothesis, since close proximity of PrPSc to the neuronal
cell surface in these models did not induce obvious morphological alter-
ations, neuronal loss, or clinical disease2,3. Whether these differences
reflect distinct pathogenic mechanisms determined by neuronal and as-
trocytic PrPC expression9 or certain strain properties (hamster 263K
versus mouse RML), or if they rely on varying expression levels of as-
trocytic prion protein in the mouse models used (or on other still unknown
factors), is presently not clear.

Finally, it is important to note that mice with selective genetic elim-
ination of the prion protein gene (Prnp) open reading frame (ORF)
within the borders of exon 3 (leaving the splice acceptor site of exon 3
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intact) display per se only relatively subtle behavioral and biochemical
changes10,11,12,13,14,15, so that the severe damage of neuronal tissue
in scrapie mice can hardly be related just to loss of PrPC function. In
contrast, mice with a deletion of the Prnp-ORF including at least the
splice acceptor site of exon 3 develop loss of cerebellar Purkinje cells
and late-onset ataxia16,17. This phenotype has meanwhile been linked
to the expression of a PrPC-like protein, called Doppel, which is encoded
by a Prnp-like gene, named Prnd, located immediately downstream of
the Prnp locus18. Under physiological conditions, neuronal expression
of Doppel is silenced post-developmentally. In PrP knockout mice with
deletion of the splice acceptor site of exon 3, however, its expression
is re-activated under the control of the Prnp promoter due to an inter-
genic splicing between Prnp and Prnd18, leading to Doppel-mediated
neuronal cell death.

In sum, cell culture and in vivo results, taken together, suggest a
combination of various mechanisms resulting in neuronal death. Still
other aspects of the interaction of cellular and pathological prion pro-
tein will have to be taken into consideration for elucidating prion patho-
genesis. At present, we can only collect as many pieces of the puz-
zle as possible, try to put them together, and struggle for the final
breakthrough.

3.2. Local distribution of PrPSc accumulation and
neural tissue damage: implications for
central prion pathogenesis

If one considers morphological features of the prion-affected brain
with regard to pathogenic mechanisms, primarily two questions arise:
1. what determines patterns and distribution of PrPSc deposition and
neural tissue damage, and 2. is there a direct relation between PrPSc

deposition and histopathological signs, like astrogliosis (which is a rather
unspecific reaction), spongiform change (which is highly specific for
prion diseases), and, finally, neuronal loss?

Presence and patterns of histopathological changes vary greatly
between individual cases and disease subtypes19,20. In sporadic
Creutzfeldt-Jakob disease (sCJD), the morphologic and clinical pheno-
type was shown to depend on the physicochemical properties of PrPSc

and the genetic background of the patient21,22. In fatal familial insomnia
(FFI), there may be little or no spongiform change at all23, while this
disease is specifically characterized by prominent thalamic atrophy with
profound astrogliosis19,20. In any case, local PrP deposition seems to
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require the presence of intact neuronal elements; in pre-existing brain
lesions, like scarred infarctions with prominent gliosis, PrPSc does not
accumulate19,20.

One factor rendering neurons more sensitive to prion-mediated toxi-
city might be the level of PrPC expression. PrP0/+ mice, which express
about half the normal level of PrPC, display a delayed onset of clini-
cal disease5,24. On the other hand, even cell types strongly expressing
PrP, like cerebellar Purkinje cells, are relatively resistant to cell death af-
ter prion-infection25,26. Selective vulnerability of parvalbumin-expressing
GABAergic neurons was found both in human27,28 and experimental
prion diseases29. This vulnerability was detectable already early in the
incubation period and thus represents one of the earliest changes ever
described after experimental inoculation29. Interestingly, FFI differs in
this phenomenon from all other human transmissible spongiform en-
cephalopathies (TSEs)30. Other vulnerabilities include that of the gran-
ular layer of the cerebellum that is frequently depleted in sporadic CJD20,
and the variable involvement of the basal nucleus of Meynert31,32. How-
ever, it was shown that in transmitted prion diseases, the respective
strain of agent plays a central role with regard to incubation time and
neuropathology33,34,35. Varying strain-dependent lesion profiles in syn-
genic animals are suggestive of a strain-specific targeting of different
neuronal populations33,26.

In conclusion, PrPSc deposition and tissue damage is in a way influ-
enced by host factors, like genotype and individual and selective vulnera-
bility of neuronal subsets, as well as by PrPSc properties or, in transmitted
prion diseases, the strain of agent. So far, the molecular mechanisms
underlying these effects remain obscure.

Concerning the second question, originally, it was proposed that
disease-associated histopathological changes in the brain correlate well
with PrPSc deposition36,37. Reactive astrogliosis was found to follow
PrPSc accumulation by one to two weeks in hamster scrapie. Accord-
ingly, it was suggested that etiology and pathogenesis of prion diseases
are directly related to PrPSc 37. Later investigations showed somewhat
different results. Not in all cases do amount and distribution of PrPSc ac-
tually correspond with type and severity of local tissue damage23,38.
In some TSEs, like FFI39 and Gerstmann-Sträussler-Scheinker dis-
ease (GSS)40, lesions may develop without PrPSc accumulation. In a
time course study in mice with experimental Creutzfeldt-Jakob disease,
spongiform change preceded PrP deposition in various brain regions38.
A study using brains of the same series found severe loss of a subpopu-
lation of GABAergic neurons in the cerebral cortex after 5-9 weeks after
the infection, i. e. clearly before the appearance of cortical PrPSc 29 (see
above). Furthermore, experiments revealing, under certain conditions,
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a brain containing loads of pathological prion protein but devoid of any
accompanying tissue damage2 must be taken into consideration in this
context. A consistent relationship between PrPSc deposition and brain
tissue damage has never been proven and, with a growing amount of
data arguing against it, is becoming less and less likely.

3.3. Oxidative stress and antioxidant stress defense

Research on oxidative stress and its contribution to central pathogen-
esis of prion diseases has developed enormously within the last decade.
Accordingly, a complex picture has emerged, which includes the topics
neurotoxicity of PrPSc (or the prion protein fragment PrP106-126, re-
spectively), copper binding by PrPC, potential direct and indirect antiox-
idant functions of this molecule, and oxidative stress markers in prion
disease. These subjects are closely related to each other; for systematic
reasons, they will be presented separately in the following section.

3.3.1. Neurotoxicity of PrPSc and the prion protein
fragment PrP106-126

Until the early nineties of the last century, central pathogenesis of
prion diseases was discussed primarily on the basis of morphologi-
cal observations analyzing the extent and spatial pattern of spongiform
change, neuronal loss, astrogliosis, and deposition of PrPSc (see also
section 3.2). In 1993, Forloni et al described a peptide corresponding to
amino acid residues 106-126 of the human prion protein, which has a
high intrinsic tendency to aggregate into fibrils, thereby mimicking one
key feature of PrPSc 41. This peptide was the only one amongst a variety
of peptides tested that was capable of inducing cell death in primary
neuronal cultures after chronic exposure. Although the discovery of the
“neurotoxic” property of PrP106-126 has provided prion researchers
with a highly valuable tool to unravel pathogenic mechanisms, it must
be emphasized that this fragment has in fact never been detected in
any form of TSE (natural, acquired or experimental). Thus, it should be
regarded as an experimental system for prion research, but not as an
actual part of the disease.

During the following years, neurotoxic mechanisms were studied ex-
tensively using either PrP106-126 or preparations of purified PrPSc. Re-
search was focused mainly on two aspects: 1. molecular and structural
characteristics of PrP106-126, which might be essential for its toxic ef-
fect to neurons, and 2. cellular factors and additional cell types apart
from neurons involved in and crucial for neurotoxicity.
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Regarding the first topic, it was observed that PrP106-126 displays a
variety of conformations. Influenced by environmental conditions, these
conformations range from α-helical to β-sheet secondary structure42.
β-sheet conformation occurs preferentially at acidic pH42,43, but it also
depends on an intact hydrophobic core sequence44. Finally, secondary
structure is modulated by binding of copper and zinc ions to the
peptide45. It is important to note that copper binding of PrP106-126
should not be mistaken with copper binding of PrPC (as described later),
as it is located at a completely different site. PrP106-126 aggregates im-
mediately after dissolution in acidic buffer, resulting in partial resistance
to digestion with proteinase K and pronase43. Aggregation into fibrils, in
turn, is an essential prerequisite for the neurotoxicity of PrP106-12644.

It soon turned out that neurotoxicity requires more than mere struc-
tural properties of PrPSc or its related peptide PrP106-126. As men-
tioned in the introduction, the first crucial factor for neuronal death is the
expression of the cellular prion protein, PrPC. Neurons that do not ex-
press PrPC are resistant to the in vitro toxicity of PrP106-12646, as well
as the in vivo neurodegeneration mediated by PrPSc 4,5. On the other
hand, cerebellar cell cultures of mice overexpressing PrPC are more
sensitive to the toxicity of PrP106-12647. Another necessity for a toxic
effect of the peptide is the co-existence of neurons and microglia. Neu-
rons are resistant to PrP106-126-mediated cell death after depletion of
contaminating microglia48. Overexpression of PrPC increases microglial
activation in response to PrP106-126 and enhances its toxicity against
neurons47.

While this interdependence between neurons, microglia, and PrPC

expression with regard to the in vitro toxicity of PrP106-126 and PrPSc

has been confirmed in several experiments and is also supported by ex-
perimental data from in vivo models of prion disease, the pathological
relevance of an astrocytic contribution to the neurotoxicity of PrP106-126
or PrPSc is discussed controversially. Based on results of a co-culture
model of PrPC-deficient neurons and PrPC-expressing astrocytes,
Brown proposed that PrPC-ablated neurons develop an increased sen-
sitivity to glutamate toxicity in the presence of PrPC positive astro-
cytes, thus becoming even more dependent on a sufficient astrocyte-
mediated protection against glutamate. Incubation of these co-cultures
with PrP106-126 inhibited this protective property of astrocytes, resulting
in an increased glutamate-mediated damage to the sensitized PrPC-
depleted neurons49, a pathway, by which astrocytes could indirectly con-
tribute to the in vitro toxicity of PrP106-126 and the neurodegeneration
seen in prion diseases. At first glance, this suggestion might be in line
with inoculation experiments of a transgenic mouse model expressing
PrPC selectively in astrocytes7,9. However, its relevance in vivo has
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recently been questioned by a conditional knockout model with specific
postnatal depletion of neuronal PrPC 3. In this model, inoculation with
RML prions resulted in a progressive accumulation of PrPSc, which was
first converted from neuronal PrPC, but later, after the neuronal Prnp-
gene had been eliminated, was solely derived from astrocytes. Neither
obvious neuronal damage nor any signs of clinical disease could be ob-
served in the infected animals. Thus, the PrP-negative neurons survived
despite an intense formation of PrPSc and the postulated inhibition of
glutamate detoxification by astrocytes, indicating that either neurons are
in vivo not primed for increased glutamate sensitivity in a similar way
as observed in vitro, or that they can escape glutamate toxicity by at
least one different clearance pathway. Therefore, the role of astrocytes
in central pathogenesis in vivo needs to be further determined.

On the molecular level, several pathways have been described which
could mediate the neurotoxicity of PrP106-126 or PrPSc. These include
for instance activation of NMDA receptors50,51 and activation of the 5-
lipoxygenase pathway52. However, it will take further in vivo experiments
to confirm the pathogenic relevance of the suggested mechanisms.

3.3.2. Copper binding of PrPC

The scientific approach described above aimed at analyzing the cen-
tral pathogenesis of prion diseases on the basis of the neurotoxic prop-
erties of PrPSc and PrP106-126. Another more indirect strategy tried to
explore the physiological roles of PrPC first. In this context, much at-
tention was devoted to the unstructured N-terminal region of PrPC con-
taining a unique octapeptide repeat sequence. This octarepeat region
belongs to the best-conserved parts of the mammalian prion protein,
although a recent report describes a higher degree of variability than
previously anticipated53. First insights into a function of this peculiar re-
peat sequence came from studies in cell free systems. Using peptides
corresponding to three to four octarepeats of mammalian PrP, Hornshaw
and colleagues demonstrated specific and preferential binding of diva-
lent copper ions as compared to other metals54,55. Like the discovery
of the neurotoxic effect of PrP106-126, this observation opened new
perspectives in prion research and initiated a series of experiments to
unravel this new functional property of PrPC. Meanwhile, copper bind-
ing by either single octapeptide sequences, PrP fragments containing
the octapeptide region, or full length PrP has been confirmed in fur-
ther cell free assays56, in cell culture systems57, and in vivo58. Copper
binding at the N-terminal domain of full length PrPC occurs with positive
cooperativity58,59,60 and with a binding affinity compatible to the physi-
ological concentration range of extracellular copper58,60. Stoichiometric
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data have been discussed controversially, ranging from two61 to six58

copper atoms bound per prion protein molecule. Conflicting results might
be explained by the use of different analytical techniques as well as dif-
ferent PrP constructs by individual researchers. At present, the most
favored view is that PrPC binds up to five copper ions at the octapeptide
region60.

Copper binding has been reported to influence structural and bio-
chemical properties of PrPC or parts of it. Incubation of a PrP fragment
comprising the octapeptide region with copper ions induced an α-helical
conformation in the C-terminal part56. Conversely, incubation of aged re-
combinant PrP or cellular PrP in the microsomal fraction of brain extracts
with divalent copper ions initiated a conformational shift from α-helical
to β-sheet structure, accompanied by the formation of aggregates, de-
tergent insolubility and resistance against proteinase K digestion, all
biochemical characteristics of the pathological prion protein, PrPSc 62.
However, further studies using a conformation-dependent immunoassay
revealed that the protease resistant PrP generated by copper treatment
exhibits a different structure compared to PrPSc 63, arguing against any
gain of direct infectivity of copper converted PrP. Nevertheless, PrP con-
version by a physiological or even excessive load of copper ions might
play a supportive role in the development of prion diseases.

Another significant finding was the rapid and reversible stimulation of
endocytosis of PrPC from the cell surface by copper ions57. This may
have important physiological implications, as PrPC could serve as a
recycling receptor for copper uptake from the extracellular milieu57, thus
protecting the cell against the toxicity of free copper cations.

3.3.3. Direct and indirect antioxidant
functions of PrPC

Already in 1997, first studies were published which indicated that the
role of PrPC in the cellular defense against oxidative stress might go fur-
ther than the mere binding of copper. Early results showed that elevated
levels of PrPC correlate with enhanced cellular resistance to oxidative
stress64, while lack of PrPC results in higher sensitivity65. Primarily, the
improved cellular resistance to oxidative stress was ascribed to an aux-
iliary function of PrPC supporting known cellular antioxidant defense
mechanisms. In vitro, as well as in vivo, studies have provided a net
of confirmatory results. Increased activities of copper/zinc superoxide
dismutase (Cu,Zn SOD) and glutathione peroxidase (GPx) were found
in neuronal cells expressing higher levels of PrPC 64,66. PrP deficient cul-
tured neurons, on the other hand, have significantly reduced glutathione
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reductase (GR) activity, combined with enhanced sensitivity to the toxic
effects of hydrogen peroxide67. Similarly, mice lacking PrPC show at-
tenuated Cu,Zn SOD activity58,65,68,15, but, maybe compensatory, high
manganese superoxide dismutase (Mn SOD) activity65,15, paralleled by
a higher rate of protein oxidation and lipid peroxidation68,69. In contrast,
brain lysates from mice markedly overexpressing PrPC revealed an in-
creased enzyme activity for Cu,Zn SOD and GPx70. However, these
mice also show attenuated resistance to oxidative stress, indicating that
overexpression of PrPC may also have detrimental side effects70.

Despite these apparently unequivocal results, the exact mechanism
of a PrPC dependent rise in cellular antioxidant activity in general and
Cu,Zn SOD activity in particular is still discussed controversially. Brown
and colleagues described a close correlation between the expression
level of PrPC, brain copper content58, cellular copper uptake70, and cop-
per incorporation into Cu,Zn SOD70. Accordingly, they suggested that
the activity of Cu,Zn SOD is regulated post-translationally by its cop-
per supply70. Enhanced cellular copper binding in response to elevated
PrPC expression levels, as well as increased antioxidant enzyme activity
have also been observed by other researchers, whereas a change of
copper delivery into the cell could not be demonstrated66. Therefore, it
was proposed that PrPC activates a so far unknown signal transduction
pathway to stimulate cellular oxidative stress defense66. The physio-
logical relevance of PrPC expression for cellular copper metabolism and
antioxidant protection has been questioned in general by Waggoner et al
who failed to detect any correlation between PrPC expression level, ionic
copper, and enzyme activity of the copper dependent enzymes Cu,Zn
SOD and cytochrome c oxidase in the brain71. Thus, the link between
PrPC expression, copper uptake and the activity of Cu,Zn SOD and other
stress defense enzymes remains currently elusive.

In 1999, again Brown and colleagues widened the spectrum of po-
tential antioxidant activities of the prion protein by demonstrating an
intrinsic SOD-like activity of native and recombinant mouse and chicken
PrPC folded in the presence of copper ions72. This enzymatic SOD-like
activity depended on an intact octapeptide region72 and on the amount
of bound copper73. A study comparing the SOD activity of brain lysates
from wild type mice before and after PrPC depletion confirmed a direct
contribution of the prion protein to total SOD activity dependent on PrPC

expression level and the predominant PrPC glycotype in the respective
brain region, suggesting a direct but more subtle and differential contri-
bution of the prion protein to protection against oxidative stress74.

In an attempt to further elucidate the physiological function of PrPC in
response to oxidative stress, we analyzed the neuronal PrPC expression
profile in human neurodegenerative disorders, in which damage by free
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radicals is thought to play a pivotal pathogenic role. We hypothesized
that the proposed protective properties of the prion protein against ox-
idative stress should be reflected in its cellular upregulation. In TSEs
and Alzheimer’s75, Parkinson’s, and diffuse Lewy body disease, as well
as in progressive supranuclear palsy and multiple system atrophy76, we
could indeed demonstrate a significant increase of intraneuronal PrP
immunoreactivity. Conversely, in motor neuron disease, PrP expression
was lost in anterior horn neurons of the spinal chord, i.e. in those neu-
rons, which selectively degenerate during the course of the disease76.
This indirect approach provided additional evidence for a relevant func-
tion of PrPC in the cellular defense against oxidative stress.

Other studies revealed that the intrinsic antioxidant activity of the prion
protein is closely related to the interdependence between metal binding
and PrP conformation. When copper ions were replaced by manganese
ions, the prion protein lost, upon aging, its enzymatic activity and its
regular conformation, thereby developing a partial resistance against
digestion with proteinase K77. Furthermore, co-incubation of PrPC with
the neurotoxic fragment PrP106-126 inhibited the SOD-like activity of
the prion protein73, suggesting that conversion of PrPC to PrPSc might
compromise antioxidant protection, thus leading to oxidative damage
and neurodegeneration78.

3.3.4. Oxidative stress markers in prion disease

The potential link between oxidative stress and prion diseases is
marked by two categories of pathophysiologic events: 1. enhanced pro-
duction of reactive oxygen species (ROS) and reactive nitrogen species
(RNS) followed by direct oxidative cell damage, and 2. impairment of the
cellular oxidative stress defense.

Increased generation of ROS has primarily been reported in in vitro
experiments using PrP106-126. Analysis of primary neuronal cultures,
which contained residual amounts of microglia, demonstrated that neu-
rotoxicity of PrP106-126 depended on a combination of neuronal PrPC

expression and enhanced production of oxygen radicals by activated
microglia48. Recently, it was shown that the mere co-incubation of
PrP106-126 with copper ions in a cell free system results in the gen-
eration of hydrogen peroxide, which is further converted to highly reac-
tive hydroxyl radicals following the Fenton principle79. Elevated levels of
ROS/RNS have also been described in vivo. Brains of scrapie mice con-
tain significantly elevated levels of nitric oxide (NO) and superoxide80.
The latter was reported to originate at least in part from mitochondria81.
However, the role of NO in prion diseases needs to be further investi-
gated, since other researchers found a marked decrease of the activity
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of neuronal nitric oxide synthase (nNOS) in brains of scrapie-infected
mice and hamsters, as well as in prion infected neuroblastoma cells82,83.

Direct oxidative damage to lipids, proteins and DNA has been re-
ported in several models of prion disease. Scrapie-infected cell cul-
tures revealed markedly increased peroxidation of lipids84. Similarly,
enhanced lipid peroxidation was shown in mitochondria isolated from
brains of scrapie hamsters85. In mice with end-stage scrapie, our
group demonstrated immunohistochemically a widespread neuronal
labeling for nitrotyrosine (NT), a common marker for protein oxida-
tion. In this study, neuronal protein damage was present in all three
scrapie strains (RML, ME7, 22A) analyzed86. In addition, a marked in-
crease in heme oxygenase-1 (HO-1) immunoreactivity was observed
in experimental prion disease86,87. HO-1 expression is generally used
as a sensitive marker for oxidative stress. Differential induction of
HO-1 transcription has also been reported in primary neuronal and
astroglial cultures exposed to the neurotoxic fragment PrP106-12688.
We observed oxidative damage to nucleic acids in brains of pa-
tients with sporadic and familial Creutzfeldt-Jakob disease. Immuno-
histochemical analysis revealed a strong, predominantly diffuse but
sometimes also conglomerate-like nuclear and cytoplasmic staining
for 8-hydroxyguanosine/8-hydroxydeoxyguanosine (8-OHG/8-OHdG) in
neurons, indicating an oxidative damage to DNA as well as RNA. Inter-
estingly, staining intensity was correlated with disease duration but not
with the deposition pattern of PrPSc 89.

Abnormal production of ROS/NOS and subsequent oxidative damage
in prion diseases seems to be supported by a parallel, direct impair-
ment of the cellular oxidative stress defense. Neuronal cultures treated
with PrP106-126 revealed a significant decrease in glutathion reduc-
tase (GR) activity67. Similarly, upon infection with prions, a hypothalamic
neuronal cell line showed a dramatic decrease in the activity of superox-
ide dismutase, as well as glutathion-dependent antioxidant systems84.
Biochemical analysis of different experimental models of prion disease
revealed further, sometimes conflicting results regarding the alteration
of antioxidant defense in vivo. While one study, using scrapie-infected
mice, reported diminished Cu,Zn SOD activity80, other studies on ham-
ster and mouse scrapie did not detect any change of this enzyme81,85.
More consistently, a significant reduction of mitochondrial Mn SOD ac-
tivity was described81,85, pointing towards mitochondria as a potential
source of ROS during the course of prion disease. GPx and GR, how-
ever, were increased in hamsters85 but normal in mice81. Finally, a dra-
matic decrease in the intrinsic SOD-like activity of PrPC was reported in
scrapie mice80. This finding is especially interesting, since it provides a
close link between a specific function of PrPC and its potential inhibition
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by the conversion to PrPSc. In this context, one further observation is
noteworthy: by analyzing PrPC expression in human prion diseases,
we detected increased intraneuronal immunoreactivity for PrP but not
PrPSc 75,90. If indeed cellular defense against oxidative stress includes
upregulation of PrPC, antioxidant defense in prion diseases might result
in a vicious circle, where accumulation of PrPSc promotes generation
of ROS, which in turn induce PrPC expression; newly synthesized PrPC

again expedites the formation of PrPSc which increases the oxidative
burden, and so on75.

Little is known about the molecular mechanisms underlying the im-
paired cellular response to oxidative stress in TSEs. Since ROS and RNS
can both attack a broad variety of lipids, proteins and carbohydrates, not
to mention DNA and RNA molecules, it is tempting to assume that mem-
bers of the antioxidant stress defense system are directly damaged by
free radicals, either specifically or just by chance. This was described
for instance for Cu,Zn SOD91 and GPx92. Concerning TSEs, a similar
mechanism for PrPC was recently reported93. McMahon and colleagues
demonstrated a site-specific cleavage of the N-terminal octapeptide re-
gion of PrP upon exposure to ROS. This cleavage occurred in a copper-
and pH-dependent manner and might influence the further degradation
of PrPC, especially since abnormal cleavage of PrPSc is as well confined
to the octapeptide region. Brown proposed an additional mechanism for
the impairment of antioxidant defense specific for prion diseases94. An-
alyzing possible direct protein-protein interactions, he described a site-
specific binding of both the neurotoxic fragment PrP106-126 and PrPSc

to amino acid residues 112-119 of PrPC. In culture systems, interaction
between PrP106-126 and PrPC inhibited copper binding of the prion
protein, thus rendering the cells indirectly more susceptible to copper
toxicity. Furthermore, cellular copper uptake and SOD-like enzymatic
activity of PrPC were inhibited, two events, which might directly and in-
directly compromise antioxidant defense in prion disease94. Impaired
cellular copper binding and modulation of cellular copper content upon
prion infection has recently been confirmed in vitro95.

Aberrant metal binding by the prion protein has been suggested as a
central molecular event related to the significant decline in antioxidant
protection by PrPC. Independent analysis of brains of scrapie infected
mice by two groups revealed significant perturbations of divalent metal
ions with a strong decrease in copper content80,96 and a major increase
in manganese content already in early stages of the disease96. These
changes were paralleled by a significant decrease in copper binding by
PrPC and a proportional decline in its SOD-like activity80,96. Similar re-
sults were obtained in brains of patients with sporadic CJD97. Apart from
a decrease in copper and a rise in manganese content of brain tissue,
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there was a severe alteration in metal occupancy of purified PrP with a
striking elevation of manganese ions, paralleled by a modest increase
in zinc and a significant decline in copper ions. Again, these changes
correlated with a dramatic, concomitant loss of intrinsic antioxidant ac-
tivity of the prion protein. However, it is still too early to judge whether
and to which extent imbalances in metal ions contribute causally to the
pathogenesis of prion diseases, or whether they reflect only secondary
changes in metal occupancy of the prion protein subsequent to alter-
ations in PrPC conformation, the latter initiated by other disease-related
molecular mechanisms.

Oxidative stress, defined as an imbalance between burden of
ROS/NOS and cellular antioxidant defense, is often regarded as an
“either-or” mechanism, where either the disproportional generation of
oxygen species predominates over the decline in antioxidant protection
or vice versa. In prion diseases, the situation is different. Both mech-
anisms are linked together by the pathological isoform of PrP, PrPSc.
Thus, they act cooperatively instead of alternatively. Formation of PrPSc

enhances the production of ROS and, subsequently, the rate of oxida-
tive damage to brain tissue. In parallel, the disease-immanent interaction
between PrPSc and PrPC inhibits specific functions of the normal prion
protein including binding and detoxification of copper, cellular uptake and
possibly cellular delivery of copper, as well as intrinsic SOD-like activity,
altogether a loss of function which compromises the antioxidant defense
system directly and indirectly. In sum, oxidative stress in prion diseases
is a combination of two equally important processes, the increase in
oxidative damage and the decrease in protection.

In general, oxidative stress is a mechanism of cell damage, although
not a direct mechanism of cell death. Nevertheless, it may induce neu-
ronal death by initiating one of two pathways: apoptosis or necrosis.
Both pathways have been described in the nervous system in response
to oxidative damage98,99 depending on the individual disease entity. The
pathway in prion diseases is discussed in the following section.

3.4. Apoptosis as the mechanism of neuronal
death in TSEs

Two essentially distinct modes of cell death have been described:
1. necrosis, in most instances initiated by a sudden cell or tissue in-
jury and followed by a marked inflammatory response, and 2. apopto-
sis or programmed cell death, initially regarded as a physiologic type
of cell death during tissue development lacking any overt inflamma-
tory reaction100. Meanwhile, various conditions have been discovered
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including loss of trophic support, disturbance of calcium and potas-
sium homeostasis, and cytolethal toxic damage, which all can induce
post-developmental apoptosis99. Taking into account the different cell
biological and molecular events in necrosis and apoptosis, with loss
of cellular energy and reduction of macromolecular synthesis on the
one and unaffected cellular energy and increased macromolecular syn-
thesis on the other side, necrosis can be described as a process
of passive atrophy and apoptosis as one of active degeneration99.
However, although essentially separated, both modes of cell death
show some molecular and cell biological overlap101. The ladder type
of DNA fragmentation, for instance, in principle one biochemical hall-
mark of apoptosis, is a specific sign for internucleosomal DNA strand
breaks, but it is neither an obligatory requirement for nor a feature
solely restricted to programmed cell death. Accordingly, DNA fragmen-
tation was absent in some models otherwise typical for apoptotic cell
death102,103,104, but present in certain forms of necrosis105,106. Simi-
larly, the terminal deoxynucleotidyltransferase-mediated dUTP nick end-
labeling (TUNEL) technique (also called in situ end-labeling, ISEL)107,
originally introduced to visualize DNA fragmentation on a histologi-
cal level, marks DNA strand breaks independent of their origin and is
therefore unable to discriminate unequivocally between apoptosis and
necrosis108,99. Furthermore, mitochondrial damage, initially regarded as
a mere feature of necrotic cell death, has nowadays “lost” its discrim-
inatory specificity and is thought to be additionally involved in some
apoptotic pathways.

In sum, single observations like DNA fragmentation or mitochondrial
impairment lack any cogency to classify a certain mode of cell death.
Only the combination of several distinct cell death features to an inte-
grative picture offers the possibility to define a pathway with sufficient
reliability. This fact has to be kept in mind when assessing the modes of
neuronal death in prion diseases.

In 1993, Forloni and colleagues pioneered the research on cell death
in TSEs41. By analyzing the neurotoxic properties of the prion pro-
tein fragment PrP106-126 in primary rat hippocampal neurons, the
authors detected morphological changes and a ladder type of DNA
fragmentation in degenerating neurons, two features primarily sugges-
tive of apoptotic cell death. In line with these results, DNA fragmenta-
tion and DNA strand breaks have been demonstrated with biochem-
ical and/or histological methods (TUNEL labeling) in vitro in primary
as well as in stable neuronal culture systems incubated with either
PrP106-126 or PrPSc 50,109,110, in several mouse models inoculated with
different murine scrapie strains and a mouse-adapted human prion
strain111,112,113,114,115, in scrapie-infected sheep116, and in several forms
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of human prion disease including FFI39 and sporadic, familial, iatrogenic,
and variant CJD108,117. In addition to DNA breaks, upon evaluation by
light and/or electron microscopy, some of the cell culture and mouse
studies showed morphological changes reminiscent of apoptotic cell
death, supporting the hypothesis of apoptosis as the primary pathway in
these TSE models109,110,111,113. In contrast, a study using human biopsy
and autopsy tissue failed to detect any histological hallmarks of apop-
tosis (i.e. extremely condensed nuclei, peripheral chromatin conden-
sation, and formation of apoptotic bodies) in TUNEL-labeled neurons
despite a high degree of TUNEL-positivity in certain brain areas of sin-
gle cases108. Although these results might be explained by additional
DNA damage due to the time interval between agony, death, autopsy
and tissue fixation, they have questioned the use of in situ end-labeling
as an appropriate screening method for cell death in autopsy tissue in
general108. In order to evaluate the position of apoptosis in prion patho-
genesis, time course experiments have been performed to determine the
temporal and spatial correlation between DNA fragmentation, as indi-
cated by TUNEL staining, and neuronal loss. Depending on prion strain
and investigated brain region (including the retina), TUNEL-labeled neu-
rons were observed in two studies at either the terminal111, or an ad-
vanced, but pre-terminal111,113 stage of the disease. Prominent TUNEL
positivity of retinal111 and hippocampal CA1113 neurons preceded a mas-
sive cell loss in precisely congruent tissue areas in terminally ill animals.
A third study in mice confirmed the temporal increase in TUNEL-positive
neurons towards the final stage of the disease115. But unlike the former
two studies, these authors observed a striking discrepancy between a
high extent of neurodegeneration and a relatively small number of in situ
end-labeled neuronal nuclei.

In a similar attempt to clarify the significance of apoptosis for neuronal
cell death in human prion diseases, several studies analyzed the spatial
correlation between the degree of neuronal loss and apoptosis (as re-
vealed by TUNEL staining) in autopsy tissue. The results, however, were
incongruent, since two studies from the same group reported a close
correlation between the two parameters39,117, while a third study de-
scribed only a weak and inconsistent correlation108. As outlined above,
these differences might again reflect the limited suitability of DNA frag-
mentation as a marker for apoptosis in human autopsy tissue. A more
indirect approach to detect apoptosis-related DNA strand breaks was
used by Bürkle and colleagues110. By exposing primary mouse neu-
ronal cultures chronically to PrP106-126, the authors observed a spe-
cific, strong nuclear labeling for poly(ADP ribose) 30–48 hours after the
beginning of the experiment in the same subset of cells that showed
a morphological phenotype typical of apoptosis. The delay in nuclear
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staining indicated that this activation of poly(ADP-ribose) polymerase
(PARP) occurred primarily in response to DNA fragmentation and not
as a result of early toxic effects, like the formation of ROS, induced by
the prion protein fragment110.

Unlike these earlier experiments, several more recent studies on
apoptosis in prion diseases focused on cell biological events upstream
of the final DNA breakage. They describe a variety of pathways pos-
sibly involved in the initiation and perpetuation of prion–related apop-
totic cascades. However, the current picture is complex and far from
being complete. In vitro, several analyses were performed in different
neuronal culture systems treated with either PrP106-126 or PrPSc. The
central and common finding in all these experiments was the activation
of members of the caspase protease family, especially the activation
of the executioner caspase-3118,119,120,121. Nevertheless, the pathways
triggering this caspase activation differed considerably. O’Donovan et al
proposed depolarization of the mitochondrial membrane as the initiat-
ing event in PrP106-126-induced apoptosis in SH-SY5Y cells. The de-
polarization was followed by a release of cytochrome c from the outer
mitochondrial membrane with subsequent activation of caspases and
a release of mitochondrial calcium with activation of calpains, a sec-
ond protease family involved in programmed cell death119. Other re-
searchers, using the same experimental setup, described a p38 MAP
kinase-dependent activation of caspase-3 as an underlying mechanism
in PrP106-126 induced apoptosis121. Hetz et al suggested increased
endoplasmic reticulum (ER) stress and calcium release from the ER as
further pathways triggering caspase-12 dependent caspase-3 activation
in scrapie-infected N2a cells120. To support their hypothesis, the authors
also investigated brain tissue from a murine scrapie model and patients
with sporadic and variant CJD. In line with their in vitro results, they
demonstrated a significant up-regulation in the expression of selected
ER-stress-associated chaperones as well as the generation of active
fragments of caspase-12120.

Considering all results outlined above, the currently available infor-
mation indicates a crucial role of apoptosis in prion-related neuronal
cell death and suggests that it indeed represents the primary cell death
pathway in TSEs.

3.5. Neuroinflammation in prion disease

3.5.1. The microglial response

The presence of an inflammatory response to prion infection in the
brain was doubted for a long time. We know now that there are in
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fact some inflammatory features, but that they differ from those seen
in other infective disorders involving the brain. A classical, conspicu-
ous perivascular leukocyte accumulation is normally absent in TSEs.
Nevertheless, in contradiction to earlier results122, a mild to moderate
T-lymphocyte recruitment, mainly of the CD8+ phenotype, was shown
in scrapie mice123. The contribution of this cell type to the neurodegener-
ative process is questionable, since immunologically deficient mice de-
pleted of T-lymphocytes readily develop scrapie124. More consistently,
microglia, which represent the mononuclear phagocyte system in the
CNS, were shown to be activated in human125,126 and murine122,123,114

prion disease. In these studies, microglia were characterized by the
upregulation of major histocompatibility complex (MHC) class I123 and
II antigens122,125, type 3 complement receptor (CR3)114,122, leukocyte
common antigen (LCA)122, and the macrophage marker HAM56126, sug-
gesting a florid response, which represents a modified inflammatory
reaction122. However, the glial response in general was reported to vary
between different agent strains and infected species, respectively127.

The effects microglia elicit in vitro indicate a potent role of these
cells in prion pathogenesis. The neurotoxicity of the human prion pro-
tein fragment PrP106-126 was shown to depend on the presence of
microglia which respond to infection by enhanced secretion of oxygen
radicals, resulting in oxidative damage to co-cultured neurons48 (see
also section 3.3). This phenomenon is by several researchers believed
to be one of the keys (beside diminished anti-oxidative resistance) to
central pathogenesis in TSEs128 and was discussed in detail earlier in
this chapter.

In vivo findings are also consistent with the proposal that microglia
may have an impact on neural tissue damage. In the brains of scrapie
infected mice, the microglial response is largely confined to regions with
vacuolation and PrP deposition122. As time course studies have eluci-
dated, microglia activation precedes neuronal death and is thus unlikely
to be just a sequel of cell destruction in prion disease113,114. On the
other hand, Perry and colleagues have argued that the immunological
phenotype of microglia in vivo closely resembles that of macrophages
having ingested apoptotic inflammatory cells, i. e. a profile including the
absence of pro-inflammatory cytokines (mainly IL6, IL1β, and TNF-α)
and concomitant domination of anti-inflammatory pathways129,130, which
may be in accordance with the widespread neuronal apoptosis occurring
in TSEs39,111,113,117. However, the reports on the cytokine expression
pattern in prion disease are incongruent131,132, maybe due to different
animal models and/or detection methods. In vitro infection experiments
brought even more contradictory results, revealing an upregulation of
pro-inflammatory cytokines like IL6133,134,135, and IL1β133. This might
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be explained by the “artificial” setup, where an acute response to the
acute addition of a neurotoxic peptide is monitored, while the natural
process in prion disease is characterized by the slow accumulation of
PrPSc with consecutive neurodegeneration129. A recent in vivo study
has demonstrated a relatively late onset of generally low levels of cere-
bral cytokine gene expression in the ME7/CV murine scrapie model136.
Together with the fact that tumor necrosis factor α (TNF-α)-, as well
as IL6-deficient mice are fully susceptible to prion disease when chal-
lenged intracerebrally with the ME7 strain137, this renders a crucial role of
pro-inflammatory cytokines in central prion pathogenesis unlikely. Inter-
estingly, it has been proposed that although in prion disease microglia
do primarily not express significant levels of typical pro-inflammatory
cytokines, they could nevertheless be in a “primed” state, and, if fur-
ther stimulated by peripheral infections, secrete inflammatory mediators
which promote the neurodegenerative process129,138,139,140.

Taken together, virtually all results speak in favor of an important role
of microglia in the disease process in TSEs, but we do not yet know with
certainty, which of the involved pathways can finally be disastrous for
the neuronal cell. Even more vague are assumptions about the direct
causes of microglial activation. As microglia are closely related to pe-
ripheral macrophages, it seems logical that they are responsible for the
phagocytosis of cells and/or extracellular material like deposited PrP. In
vitro, microglia were shown to internalize to some extent fibrillar PrP106-
126, which in turn interferes in a way with the phagocytic process141.
If this cell type primarily responds to PrPSc with activation and cytokine
secretion in vivo is still not clear.

3.5.2. Complement activation

The complement system is involved primarily in the elimination of in-
vading foreign cells and in the initiation of inflammation. Complement ac-
tivation is generally tightly regulated in order to inhibit excessive activa-
tion and consecutive complement-mediated injury142. It has so far been
described to take place in various neurodegenerative disorders including
Alzheimer’s disease143,144and Huntington’s disease144. For Creutzfeldt-
Jakob and Gerstmann-Sträussler-Scheinker disease, it was demon-
strated that factors of the early complement cascades, namely C1q, C4,
C3, C3b, C3c, and C3d, co-localize with amyloid plaques145. In a recent
study that was done in our laboratory, active complement compounds,
like C1q and C3b, were detected in extracellular PrP deposits in CJD,
and the most important effector of the complement system, the mem-
brane attack complex or MAC, was found to be present in neurons in
human TSEs146. Localization of early and late complement components
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correlates well with the severity of disease-specific pathology; in the
respective study, areas showing neuronal TUNEL reactivity overlapped
with those exhibiting MAC deposits in most of the cases that were exam-
ined. Brains without correlation exhibited advanced pathology with only
a few remaining neurons which displayed MAC immunoreactivity. C3b,
a member of the early complement cascade, was seen also in better
preserved regions. However, the mere presence of active complement
components in the brain does certainly not prove their unequivocal role
in central pathogenesis of TSEs. It is not surprising that some comple-
ment activation should happen under the given circumstances, as the
complement system can be activated via oxidative stress142,147,148,149,
which is supposed to be a central event in prion pathogenesis. In turn,
complement components stimulate the cellular production of reactive
oxygen species150,151, so that the complement system may contribute
to a vicious cycle of events threatening neuronal cells. On the other hand,
mice which are temporarily depleted of C3, as well as mice deficient of
C1q, develop full blown scrapie if infected via the i. c. route152, and mice
lacking early complement components display, despite delayed onset of
disease, a cerebral histopathological picture equal to that of wild type
mice after intraperitoneal inoculation153. Thus, complement-mediated
cell toxicity and cell lysis may be part of the pathomechanisms causing
cell death in prion disease, but the results obtained from knockout mice
render a pivotal role of the complement system rather unlikely.

3.6. A possible role for the transmembrane
form of PrP

The prion protein exists in multiple topologic variants, including a se-
cretory form which is completely translocated through lipid bilayers154,
and two transmembrane forms155. A possible relation between these
variants and neurodegenerative disease was first investigated by Hegde
et al40: certain mutations within the PrP coding region dramatically al-
ter the ratio of the topological forms in favor of one of the transmem-
brane forms, termed CtmPrP. In mice carrying such mutations, CtmPrP
was found to be associated with severe neurodegeneration with some
neuropathological features typical of prion disease, while at the same
time PrPSc was virtually absent in analyzed brain tissue, suggesting
elevated CtmPrP as the primary cause of pathology. Accordingly, in hu-
man Gerstmann-Sträussler-Scheinker disease, the A117V mutation was
proposed to lead to a relative preference for the synthesis of the trans-
membrane forms of PrP. The analyzed GSS brains contained indeed
increased levels of CtmPrP, whereas no protease-resistant PrPSc was
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detectable40. Subsequently, a pathogenic mechanism involving CtmPrP
has been suggested also for other inherited prion diseases, which, in
contrast to GSS, feature accumulation of PrPSc, and for infectiously ac-
quired prion diseases156. In an elegant inoculation study, double trans-
genic mice, carrying both a murine MoPrP and a hamster SHaPrP
transgene, were inoculated with mouse RML prions. In this model, ac-
cumulation of PrPSc during the incubation period triggered in parallel
the de novo formation of hamster CtmPrP as possible cause for disease
development and neurodegeneration156. On the other hand, only mu-
tations within or near the transmembrane domain of the PrP sequence
were found to enhance the formation of CtmPrP157,40, while pathogenic
mutations in other regions showed no effect with respect to the forma-
tion of transmembrane forms of the prion protein157. Furthermore, cell
culture and in vivo studies, where the amount of CtmPrP is not altered
after prion infection, render a general, obligatory role of this molecule
in TSEs unlikely158. Thus, the pathogenic relevance of CtmPrP for most
prion diseases is still unclear. Similarly, the mechanism by which trans-
membrane prion protein might evoke cell death is presently not known.
While some authors denied any significant accumulation of CtmPrP in the
endoplasmic reticulum (ER)40,156, others reported it to be retained in the
ER and suggested, that it could stimulate the activation of pro-apoptotic,
ER stress-response pathways159,160. An involvement of ER stress and
caspase-12 activation in the brain was recently demonstrated for spo-
radic and variant CJD120.

Given all the inconsistencies mentioned above, further research is
necessary to delineate whether accumulation of PrPSc in prion diseases
indeed induces the enhanced formation of CtmPrP and, if yes, whether
CtmPrP really represents a potent neurotoxic agent in TSEs.

3.7. Conclusions

Despite intensive research activities devoted to the clarification of
the mechanism of central pathogenesis in transmissible spongiform en-
cephalopathies (TSEs), there is currently no well-established model to
explain nerve cell death in these diseases. This might be due to the fact
that, for a long time, efforts have been focused mainly on finding a single
cause instead of looking at a complex scenario. Thus, we know by now
some factors which contribute either significantly or partially to neurode-
generation in prion diseases, and others of minor or no importance.

The first essential prerequisite in TSEs is the presence of the cellular
prion protein, PrPC, in the central nervous system. Lack of its expression
renders brain tissue resistant to prion infection. A second mechanism
with at least some importance is the coincidence of increased oxidative
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stress and reduced antioxidant protection. Reactive oxygen species
seem to be generated by different means: directly by pathological prion
protein (PrPSc) molecules or aggregates, and possibly derivates thereof,
and indirectly by PrPSc-activated microglia. Nevertheless, this oxidative
stress scenario does not suffice to explain the pathogenesis of prion dis-
eases entirely (although it seems only plausible that such a fundamental
threat should not go without consequences for the cell). In fact, the de-
gree of its contribution to neuronal cell death in vivo is at present still
unclear and might vary between different forms of TSEs. Other mecha-
nisms have been investigated like direct toxic effects of PrPSc deposits.
However, a decisive role for PrPSc aggregates is unlikely, as they cannot
even be detected in all cases of TSE. Other abnormal forms of PrP may
take its place under certain circumstances, as has been proposed for
a transmembrane form, called CtmPrP. This might be true for relatively
rare familial prion diseases, but even there a pathogenic potential of
CtmPrP has not been definitely proven. Further pathways have recently
been suggested, including anti- and pro-apoptotic effects of intracellu-
lar and cytosolic PrPC, or loss of PrPC-mediated neurotrophic signaling
resulting in reduced neuronal viability. Since research on these topics
is at its beginning, and some of the data are inconsistent, it is currently
impossible to judge fairly on their importance for central pathogenesis.

So, what does actually kill the neuron? As neither the loss of function-,
nor the gain of function-hypothesis is solely valid any more, a concerted
action of various pathogenic mechanisms is most likely to be the clue.
At the moment, each answer appears to raise still more questions. But
as often in nature, the solution might be just as fascinating as complex.
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T. Giger, K.-G. Häusler, D. Perez, M. Glatzel, and A. Aguzzi, Intrinsic resistance of
oligodendrocytes to prion infection. J. Neurosci. 24, 5974–5981 (2004).

9. M. Jeffrey, C. M. Goodsir, R. E. Race, and B. Chesebro, Scrapie-specific neuronal
lesions are independent of neuronal PrP expression. Ann. Neurol. 55, 781–792
(2004).
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14. G. R. Mallucci, S. Ratté, E. A. Asante, J. Linehan, I. Gowland, J. G. R. Jefferys,
and J. Collinge, Post-natal knockout of prion protein alters hippocampal CA1
properties, but does not result in neurodegeneration. EMBO J. 21, 202–210
(2002).

15. D. R. Brown, R. S. J. Nicholas, and L. Canevari, Lack of prion protein expression
results in a neuronal phenotype sensitive to stress. J. Neurosci. Res. 67, 211–224
(2002).

16. S. Sakaguchi, S. Katamine, N. Nishida, R. Moriuchi, K. Shigematsu, T. Sugimoto, A.
Nakatani, Y. Kataoka, T. Houtani, S. Shirabe, H. Okada, S. Hasegawa, T. Miyamoto,



Central Pathogenesis of Prion Diseases 71

and T. Noda, Loss of cerebellar Purkinje cells in aged mice homozygous for a
disrupted PrP gene. Nature 380, 528–531 (1996).

17. D. Rossi, A. Cozzio, E. Flechsig, M. A. Klein, T. Rülicke, A. Aguzzi, and
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Lehmann, Cleavage of the amino terminus of the prion protein by reactive oxygen
species. J. Biol. Chem. 276, 2286–2291 (2001).

94. D. R. Brown, PrPSc-like prion protein peptide inhibits the function of cellular prion
protein. Biochem. J. 352, 511–518 (2000).
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4.1. Introduction

The term prion protein (PrP) amyloidoses is used to describe a group
of diseases in which large amounts of PrP degradation products ac-
cumulate as fibrillary deposits leading to amyloid formation1,2. Accu-
mulation of abnormal PrP isoforms occurs without significant amyloid
deposition in the brain parenchyma during the course of most subacute
spongiform encephalopathies, which include sporadic, familial, and ia-
trogenic Creutzfeldt-Jakob disease (CJD) as well as sporadic and famil-
ial fatal insomnia (FFI)3−6. Typically, PrP-amyloid is seen in Gerstmann-
Sträussler-Scheinker disease (GSS), PrP cerebral amyloid angiopathy
(PrP-CAA), variant CJD (vCJD), and kuru1−3.

The hereditary PrP amyloidoses include GSS and PrP-CAA1−8. GSS
is autosomal dominant and is characterized clinically by motor ab-
normalities and intellectual deterioration, and pathologically by PrP-
amyloid deposits9−25. To date, at least 54 families affected by GSS have
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been studied (Table 4.1). GSS has been found in Australia, Austria,
Canada, Denmark, France, Germany, Hungary, Ireland, Israel, Italy,
Japan, Mexico, Poland, United Kingdom, and United States. It is difficult
to determine the exact incidence of GSS for two main reasons: (i) the
disease has been reported only in a few countries and (ii) the disease
may be underreported due to its clinical similarity to olivopontocerebellar
atrophy, spinocerebellar ataxia, Parkinson disease, amyotrophic lateral
sclerosis, Huntington disease or Alzheimer disease (AD)1−8. PrP-CAA
is very rare and has been characterized clinically, pathologically, bio-
chemically, and genetically in only one patient7.

Table 4.1. Genetic mutations in the PRNP gene, haplotypes, nucleotide changes and
amino acid changes associated with GSS and PrP-CAA. Note the number of families
associated with each of the mutations.

Point Mutations in PRNP Associated with GSS & PrP-CAA

Number of
Haplotype Nucleotide change Amino acid change families

P102L-129M 27

P102L-129M ——� ——�

-219K CCG CTG P L 1

P102L-129V 3

P105L-129V CCA ——� CTA P ——� L 5

A117V-129V GCA ——� GTG A ——� V 8

G131V-129M GGA ——� GTA G ——� V 1

Y145Stop-129M TAT ——� TAG Y ——� Stop 1

H187R-129V CAC ——� CGC H ——� R 1

F198S-129V TTC ——� TCC F ——� S 2

D202N-129V GAC ——� AAC D ——� N 2

Q212P-129M CAG ——� CCG Q ——� P 1

Q217R-129V CAG ——� CGG Q ——� R 1

M232T ATG ——� ACG M ——� T 1

4.2. Parenchymal and vascular PrP amyloidosis

Among the hereditary PrP amyloidoses, a parenchymal amyloidosis
is seen in association with GSS, whereas, a vascular PrP amyloido-
sis is found in PrP-CAA. Currently, ten missense mutations in the Prion
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Figure 4.1. Cerebral hemisphere of a patient with GSS reveals PrP-immunoreactivity
in the neocortex, caudate nucleus, putamen, globus pallidus and amygdala. PrP im-
munohistochemistry using antibody 3F4.

Protein gene (PRNP) are known to be associated with GSS (Table 4.1).
In addition, a GSS-like phenotype has been seen associated with inser-
tional mutations characterized by eight or nine additional 24-base pair
repeats3−4. Of the known polymorphisms in the PRNP gene, those at
codons 129 and 219 have been shown to influence the clinical and
pathologic phenotypes of GSS3−4,9.

The neuropathologic diagnosis of GSS is based on the presence
of PrP-amyloid and pre-amyloid (diffuse) deposits, the distribution and
extent of which differ widely between families (Figure 4.1)1−4.

Amyloid is accompanied by glial proliferation as well as a loss of
neuronal processes and perikarya. Spongiform degeneration is not
consistently found. In some families, numerous neurofibrillary lesions
(neurofibrillary tangles, neuropil threads), indistinguishable from those
found in AD, are present in the neocortex and subcortical nuclei
(Figure 4.2)18,22−23,26.

PrP-CAA has been described in association with a nonsense mutation
at codon 145 of PRNP (Table 4.1)2,7−8. The clinical phenotype is char-
acterized by memory disturbance and disorientation evolving into a se-
vere dementia2,7−8. Deposition of PrP amyloid in cerebral vessels walls
and abundant neurofibrillary lesions are observed (Figure 4.3)2,7−8. In
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Figure 4.2. Neocortex of a patient with GSS associated with a PRNP F198S muta-
tion. Fluorescent unicentric and multicentric plaques as well as numerous neurofibrillary
tangles are present in several cortical layers. Thioflavin S method.

Figure 4.3. Cerebellar (A) and cerebral (B) cortices of a patient with PrP-CAA asso-
ciated with the PRNP Y145Stop mutation. (A) Vessels of the cerebellar cortex have
fluorescent amyloid deposits. (B) Vessels of the cerebral cortex have PrP deposits.
(A) thioflavin S method and (B) PrP-immunohistochemistry.
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PrP-CAA, fibrils are seen adjacent to and within the vessel wall. PrP-
amyloid deposits are immunolabeled with antibodies to PrP spanning the
region 90-147 (i.e. mid-region) and not with antibodies to amyloid β (Aβ).
The amyloid deposits immunoreact with an antiserum to the C-terminus,
suggesting that normal PrP or C-terminal fragments co-exist with vas-
cular amyloid7.

4.3. Gerstmann-Sträussler-Scheinker disease

4.3.1. PRNP P102L-129M1−6,17,27−28

Clinical Presentation. The PRNP P102L-129M is the most com-
mon haplotype among those associated with GSS. The clinical pheno-
type is characterized by a progressive cerebellar syndrome with ataxia,
dysarthria, and incoordination of saccadic eye movements as well as
pyramidal and pseudobulbar signs. Behavioral and cognitive dysfunc-
tions are seen and in most instances, they evolve into dementia or aki-
netic mutism. Clinical symptoms start in the fourth to sixth decades of life
with a disease duration of a few months to six years. In some cases, amy-
otrophy and an electromyographic pattern of denervation may be seen
early in the course of the disease. A computed tomography (CT) may
show brain atrophy and a single photon emission computed tomography
(SPECT) might reveal hypoperfusion of the frontal cortex and cerebel-
lum. Myoclonus and pseudoperiodic sharp wave discharges in the elec-
troencephalogram (EEG), characteristics of CJD, are observed in some
individuals, whose disease may have a very rapid clinical course ranging
from 5 to 9 months and a picture indistinguishable from that of CJD.

Neuropathology. The PRNP P102L-129M haplotype is associated
with two neuropathologic phenotypes. The first is that of typical GSS;
the second is a combination of GSS and CJD features, namely amyloid
plaques and spongiform degeneration. The typical GSS features include
unicentric and/or multicentric PrP plaques that are most numerous in
the molecular layer of the cerebellum, but they are also found in the
cerebral gray matter. Astrocytic proliferation is present in areas with the
most severe PrP deposition. Neuronal loss appears to be more severe
in the cases with spongiform degeneration than in those cases with PrP
plaques only.

4.3.2. PRNP P102L-129M-219K9

Clinical presentation. The clinical presentation is characterized by
either dementia or cerebellar signs. Magnetic resonance imaging (MRI)
may show severe cerebral atrophy.
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Neuropathology. Mild PrP deposition is present in the cerebral and
cerebellar cortices as well as the basal ganglia; however, amyloid and
spongiform changes are not observed.

4.3.3. PRNP P102L-129V29

Clinical presentation. The clinical course and duration are different
from that associated with the P102L-129M haplotype. These differences
are evidenced by the presence of seizures and long-tract signs and the
absence of dementia. In addition, this mutation is associated with a
clinical course that may last up to 12 years.

Neuropathology. There is a moderate to severe loss of fibers in the
corticospinal, spinocerebellar, and gracilis tracts. In addition, diffuse PrP
deposits are present in the substantia gelatinosa. PrP-amyloid plaques
are frequently seen in the cerebellar cortex and to a lesser extent in the
neocortex. No spongiform degeneration is seen.

4.3.4. PRNP P105L-129V30−31

Clinical presentation. Spastic gait, hyperreflexia, and the Babinski
sign are prominent in the initial stages. Extrapyramidal signs such as fine
finger tremor and rigidity of limbs may be observed. Paraparesis pro-
gresses to tetraparesis and is accompanied by emotional incontinence
and dementia. Myoclonus, pseudoperiodic sharp wave discharges in
EEG or severe cerebellar signs have not been reported. T2-weighted
MRI shows hypointensity of the striatum. An electromyogram (EMG)
shows a pattern of denervation, while evoked potentials reveal conduc-
tion delays in the posterior funiculi and corticospinal tract. The age at
the onset of the clinical signs is in the fourth and fifth decades of life; the
duration of the disease ranges from six to twelve years.

Neuropathology. PrP-amyloid plaques and diffuse deposits are fre-
quently seen in the neocortex, especially the motor area, striatum, and
thalamus, but rarely seen in the cerebellum. Neurofibrillary tangles are
seen in some cases and may occur in varying amounts. In addition,
axonal loss occurs in the pyramidal tracts. No spongiform changes are
seen.

4.3.5. PRNP A117V-129V22,27,32−34

Clinical presentation. The PRNP A117V-129V haplotype is asso-
ciated with a variety of clinical phenotypes ranging from typical GSS
disease to classic AD. The age at onset of clinical signs is in the second
to seventh decade of life; the duration ranges from one to eleven years.
In some individuals, marked extrapyramidal signs with Parkinsonian
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features occurs early in the course of the disease followed by other neu-
rological symptoms. Additional signs that may be seen include pyrami-
dal signs, amyotrophy, myoclonus, emotional lability and pseudobulbar
signs. Behavioral and personality disturbances, such as mood swings,
aggressive behavior, and paranoia, frequently present long before neu-
rological signs and symptoms. The phenotypic variability observed
among affected individuals even occurs within the same family. EEGs
are either normal or non-specifically abnormal, but no pseudoperiodic
sharp wave discharges are seen. Results from CT scans varied from
normal to moderate cerebral atrophy.

Neuropathology. Cerebral atrophy is seen in some cases. Variable
amounts of PrP-amyloid plaques and diffuse deposits are widespread
throughout the cerebral cortex, hippocampus, basal ganglia and thala-
mus; however, in the cerebellum, they may be absent or present in vari-
able amounts. Pyramidal tract degeneration may be present. Spongi-
form degeneration may also be seen, but if so, it is focally present in
the cerebrum or cerebellum. Neuronal loss, when present, may be se-
vere in the substantia nigra. Neurofibrillary tangles have been seen in
individuals that had a long disease duration.

4.3.6. PRNP G131V-129M35

Clinical presentation. Changes in personality, decrease in cognitive
performance, apraxia, tremor, and increased tendon reflexes are the
presenting signs. The onset of the disease is early in the fifth decade of
life and the disease has a duration of nine years. MRIs may show cere-
bral and cerebellar atrophy. EEGs do not show pseudoperiodic sharp
wave discharges. In the late stages, dementia becomes progressively
more severe and ataxia develops.

Neuropathology. PrP-amyloid plaques and diffuse deposits are seen
in the cortex and subcortical nuclei as well as in the cerebellum. Neu-
rofibrillary tangles are seen in the Ammon’s horn and in the entorhinal
cortex. No spongiform degeneration is seen.

4.3.7. PRNP H187R-129V36

Clinical presentation. The clinical phenotype is characterized by
early progressive cognitive impairment, cerebellar ataxia and dysarthria
followed by myoclonus, seizures and occasionally pyramidal and ex-
trapyramidal signs. Neuroimaging shows a severe, widespread atrophy
of the cerebrum and cerebellum. The age at onset is in the fourth to six
decade of life with duration of seven to 18 years.

Neuropathology. PrP deposition is seen in the neocortex, hippocam-
pus and cerebellum with the latter two also having PrP-amyloid plaques.
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The cortical deposits have a round or elongated, “curly” appearance.
Neurofibrillary tangles are also seen in the hippocampus. Atrophy and
astrogliosis of the subcortical white matter are present. No spongiform
degeneration is seen.

4.3.8. PRNP F198S-129V1−4,8,18,20−26,37−38

Clinical presentation. A gradual loss of short-term memory, clumsi-
ness in walking evolving into ataxia, bradykinesia, rigidity, mild tremor,
dysarthria, and cognitive impairment evolving into dementia are the main
clinical characteristics. In the early stages of clinical presentation, T2-
weighted MRI shows cerebellar atrophy and a reduced signal in the
substantia nigra and red nucleus. Signs of cognitive impairment and
eye-movement abnormalities may be detected before the onset of clin-
ical symptoms. Psychotic depression has been observed in several pa-
tients. The symptoms may progress slowly over five years or rapidly
over as little as one year. The age at onset of clinical signs ranges from
late in the fourth decade to early in the eighth decade of life. Patients
homozygous for valine at codon 129 have clinical signs more than ten
years earlier, on average, than heterozygous patients. The duration of
the disease ranges from two to twelve years.

Neuropathology. The neuropathologic phenotype is characterized
by a severe PrP deposition, in the form of PrP-amyloid plaques and dif-
fuse deposits, and by the presence of numerous neurofibrillary tangles
(Figures. 4.1–2, 4.4–5). This PrP deposition is the most severe seen
associated with GSS.

Unicentric and multicentric PrP-amyloid plaques and diffuse deposits
are distributed in varying degrees throughout most gray structures of
the brain (Figures. 4.2, 4.4–5). The core of the amyloid plaque is im-
munoreactive to antibodies raised against the midregion of PrP, but are

Figure 4.4. Cerebellum of a patient with GSS associated with the PRNP F198S muta-
tion. Numerous plaques are seen in the molecular and granule cell layers. (A) thioflavin
S method and (B) PrP-immunohistochemistry.
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Figure 4.5. Cerebellum of a patient with GSS associated with the PRNP F198S
mutation. (A) Unicentric and multicentric amyloid deposits and (B) bundles of fibrils radi-
ating out from a central core of an amyloid plaque. (A) PrP-immunohistochemistry and
(B) electron microscopy.

unreactive or weakly reactive to antibodies raised against the amino and
carboxy terminal regions of PrP. In contrast, there is immunopositivity to
antibodies raised against the amino and carboxy terminal regions of
PrP in the area adjacent to the amyloid core. Nonfibrillar PrP deposits
appear as diffusely immunolabeled areas in the neuropil. By electron
microscopy, the amyloid is composed of bundles of fibrils radiating from
a central core; each fibril measures 8–10 nm in diameter.

Amyloid deposition is severe in the frontal, insular, temporal and pari-
etal cortices with the highest concentration of deposits in layers I, IV,
V, and VI. In the hippocampus, plaques occur predominantly within the
stratum lacunosum-moleculare of the CA1 sector and subiculum. In the
cerebellum, amyloid plaques are most numerous (Figure 4.4). Amy-
loid deposits are surrounded by astrocytes, astrocytic processes and
microglial cells. In the neocortex, many amyloid cores are associated
with abnormal neurites causing them to appear morphologically similar
to neuritic plaques of AD. Neurofibrillary tangles and neuropil threads,
which are immunoreactive to antibodies raised against the tau protein,
are found in cortical and subcortical grey nuclei as well as in the midbrain
and pons. They are most numerous in areas of neocortex that have se-
vere PrP-amyloid deposition. Iron deposition in the globus pallidus, stria-
tum, red nucleus and substantia nigra is seen. Spongiform changes are
rarely observed. Some of these neuropathologic characteristics have
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also been observed in clinically non-symptomatic individuals with this
haplotype.

4.3.9. PRNP D202N-129V8,27

Clinical presentation. Cognitive impairment leading to dementia and
cerebellar signs are the main clinical features. The age at onset is early
in the eighth decade and the duration is six years.

Neuropathology. Abundant PrP-amyloid deposits are present in the
cerebrum and cerebellum and neurofibrillary tangles are seen in the
cerebral cortex. No spongiform degeneration is observed.

4.3.10. PRNP Q212P-129M8,27

Clinical presentation. Gradual development of incoordination and
slurring of speech are the presenting signs, followed by dysarthria, and
ataxia. The age at onset is late in the sixth decade and the duration is
eight years. Dementia has not been reported.

Neuropathology. PrP-amyloid deposition is mild throughout the cen-
tral nervous system including the cerebellum, which is significantly less
affected than that of individuals with any other GSS-associated hap-
lotype. There is degeneration of myelinated fibers in the anterior and
lateral corticospinal tracts in the spinal cord. No spongiform degenera-
tion is seen.

4.3.11. PRNP Q217R-129V1−4,8,23

Clinical presentation. The phenotype is characterized by gradual
memory loss, progressive gait disturbances, Parkinsonism and demen-
tia. The neurological signs may be preceded by episodes of mania or
depression that respond to antidepressant medications, lithium and neu-
roleptics. The age at onset of clinical signs varies from the fifth to seventh
decade. The duration of the disease is two to six years.

Neuropathology. The neuropathologic phenotype, similar to that as-
sociated with the F198S-129V haplotype, is characterized by a severe
PrP deposition, in the form of PrP-amyloid plaques and diffuse deposits,
and by the presence of numerous neurofibrillary tangles. PrP-amyloid
deposits are numerous in the cerebrum and cerebellum. Neurofibrillary
tangles are abundant in the cerebral cortex, amygdala, substantia in-
nominata, and thalamus. Lewy bodies may be found in the substantia
nigra. No spongiform degeneration is seen.
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4.3.12. PRNP M232T-129M/V39−40

Clinical presentation. Cerebellar signs and spastic paraparesis are
the initial symptoms followed by dementia. The age at onset is in the
fifth decade and the duration is six years.

Neuropathology. PrP-amyloid plaques and diffuse deposits are seen
in the neocortex, subcortical nuclei and cerebellum. It is unclear whether
spongiform changes are present.

4.4. Prion protein cerebral amyloid angiopathy

4.4.1. PRNP Y145STOP-129M2,7,8,41

Clinical presentation. The clinical phenotype is characterized by
memory disturbance, disorientation and a progressive dementia. The
EEG did not show pseudoperiodic sharp waves. The age at onset is in
the fourth decade and the duration is 21 years.

Neuropathology. Diffuse atrophy of the cerebrum, enlargement of
the lateral ventricles, neuronal loss and gliosis are severe. PrP-amyloid
deposits are present in the walls of small and medium-sized parenchy-
mal and leptomeningeal blood vessels and in the perivascular neuropil.
PrP-amyloid fibrils are seen adjacent to and within the vessel wall. Neu-
rofibrillary tangles, neuropil threads and dystrophic neurites are nu-
merous in the cerebral gray matter. These neurofibrillary lesions are
immunoreactive to phosphorylation dependent and phosphorylation
independent anti-tau antibodies. No spongiform changes are seen.

4.5. Inherited prion disease with
variable phenotypes

4.5.1. Ins 192bp-129V and Ins 216bp-129M3

Clinical presentation. The phenotypes associated with the inser-
tional mutations are highly variable; however, individuals with eight or
nine additional repeats have a GSS-like syndrome characterized by the
presence of mental deterioration, cerebellar and extrapyramidal signs.
In addition, these individuals often lack the pseudoperiodic slow wave
complexes on EEG examination. It appears that the age at onset and
duration of the disease are related to the number of inserted repeats.
These specific mutations are associated with an age at onset in the third
to six decade of life and disease duration of five months to 13 years.

Neuropathology. The majority of individuals with these haplo-
types have a phenotype characterized by PrP-amyloid plaques in the
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molecular layer of the cerebellum and frequently in the cerebral gray
matter. In addition, various degrees of spongiosis, gliosis and neuronal
loss may be present in the neocortex.

4.6. PrP Characterization in GSS

Studies have shown that the pattern of the pathologic PrP iso-
forms (PrPsc) in GSS variants is different from that seen in other
prion diseases27,42−45 (Figure 4.6). Patients affected by CJD or FFI
present full-length and N-truncated proteinase-K (PK) resistant PrP
fragments, while patients affected by GSS present full-length as well
as N- and C-terminal truncated, non-glycosylated, and PK-resistant
PrP peptides27,42−44,46. In GSS, these fragments can be detected
in non-enzymatically digested brain homogenates, although they are
more prominent after PK digestion. This suggests that they are gen-
erated in vivo by a GSS-specific proteolytic pathway. In addition, the
quantity of fragments present does not correlate with the amyloid
burden27,42−44. It is of interest that the molecular mass of N- and C-
truncated PrP fragments may vary according to the specific PRNP mu-
tation present27,42−44.

The lowest molecular weight N- and C-truncated fragments of PrP
in PK-treated brain extracts are 7 kDa (A117V-129V), 8 kDa (P102L-
129M, G131V-129M, F198S-129V, D202N-129V, Q217R-129V), or 10
kDa (Q212P-129M)27,42−44 (Figure 4.6). The 8-kDa peptides associated
with P102L-129M and F198S-129V have the major N terminus start-
ing at residues 78–82 and 74 respectively43−44. The 7-kDa fragment

Figure 4.6. Western blot patterns of PrP associated with Gerstmann-Sträussler-
Scheinker disease variants.
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associated with A117V-129V has the major N-terminus cleavage site at
residue 9044. Studies carried out on GSS A117V have shown presence
of PrPsc in some patients but not in others44−45. It is important to note
that when PrPsc is present in GSS A117V, the amount is significantly
smaller than that found in other GSS variants. It has been proposed that
a transmembrane PrP isoform plays a central role in the pathogenesis
of GSS A117V45.

The results related to the characteristics of the N and C-truncated
fragments coupled with the concept that the pattern of digestion may
depend on the tertiary structure of PrP argue that the type of conforma-
tional isomers present varies according to the PRNP mutation present.
Another interesting finding is the presence of 21-30 kDa fragments in
individuals with P102L-129M and spongiform degeneration27,43. This
pattern was originally described in individuals with CJD, which is char-
acterized by the presence of spongiform degeneration, neuronal loss
and gliosis3−6.

Thus, in all GSS variants, PK digestion leads to an increase in the
7–10 kDa fragments, a disappearance of the high molecular weight
isoforms of ca. 27–35 kDa and a change of the stoichiometry of the
various PrP peptides27,42,44. These findings indicate that patients with
GSS accumulate PrP isoforms that can be cleaved to smaller, insoluble,
PK-resistant fragments. The 7–10-kDa PrP isoforms seen in patients
with GSS are detected by antibodies directed to the mid-region of PrP
and include residues 109-112. It has been shown that in the human
brain, the normal cellular form of PrP (PrPc) is endogenously cleaved
at residues 111(H) or 112(M), suggesting that patients with GSS have
an alternative metabolic pathway, leading to the accumulation of N- and
C-truncated PrP fragments27,42,44.

Finally, it should be emphasized that in GSS F198S, the 8 kDa peptide
contains part of the octarepeat region, but the 7 kDa peptide present in
GSS A117V does not44. The significance of the accumulation of pep-
tides with different N-termini in GSS is unclear at this time. However, it
has been suggested that Cu2+ binds to a structure defined by two of
the octarepeats containing the sequence PHGGGWGQ and it has been
hypothesized that this binding could induce conformational changes in
PrP47. In addition, short peptides corresponding to the octapeptide re-
peat motif of PrP have been reported to bind Cu2+ ions48−49. Moreover,
it has been shown that PrP fragments can be transformed from a pre-
dominantly α-helical monomeric form to an oligomeric β-sheet-rich sec-
ondary structure50−51. Therefore, PrPsc fragments with a distinct struc-
ture could have various neurotoxic properties or a tendency to form
aggregates, providing a possible mechanism underlying the difference
in phenotypic presentation among GSS variants.
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4.7. Amyloid characterization in GSS and PrP-CAA

4.7.1. GSS

Studies carried out in A117V, F198S, and Q217R have shown that
PrP-amyloid filaments are composed of 7 kDa PrP peptides52−53. These
peptides extend from residue ca 85 to 153 in A117V-129V, 81 to 150 in
F198S-129V, and 81 to 146 in Q217R-129V52−53. Individuals with the
F198S-129V haplotype were also found to have an 11 kDa PrP fibril-
logenic peptide spanning residues 58–15054. Additional studies have
shown that the N- and C-truncated peptides, present in patients with
PRNP mutations A117V, F198S and Q217R, originate only from the
mutant allele, suggesting that these mutations are a dominant factor for
amyloidogenesis52−53.

The allelic origin of PrP accumulating in the brain of patients with
other inherited prion diseases, including CJD and FFI, has been inves-
tigated. These studies showed that only mutant PrP is detected in FFI
and CJD D178N, whereas both wild-type and mutant PrP are present
in CJD V210I55−57. Therefore, the recruitment of wild-type PrP isoforms
by mutant PrP may depend on mutation-specific PrP configurations that
allow the interaction between the mutant and normal PrP species.

In conclusion, data obtained from the study of purified amyloid frac-
tions indicate that in GSS A117V, GSS F198S and GSS Q217R the min-
imal PrP segment essential for amyloidogenesis is a N- and C-truncated
fragment spanning residues ca. 88 to 14653−54. The major part of this
peptide corresponds to the end of the flexible N-terminal domain of PrPc,
which has been thought to undergo conformational changes in the tran-
sition of PrPc into disease-specific species58−59. It is of interest that in
PrP-CAA, the C-terminus of the genetically truncated PrP is similar to
the C-terminus of the amyloid peptides found in GSS7. The plasticity of
the minimal amyloid fragment and its tendency to adopt β-sheet sec-
ondary structure has been supported by studies done using synthetic
peptides60.

4.7.2. PrP-CAA

By immunoblot analysis of proteins extracted from purified amyloid
fractions, it appears that the smallest amyloid subunit migrates as a
band of ca. 7.5 kDa7. This band is strongly immunoreactive with anti-
bodies to epitopes located within residues 90–147 of PrP and is non-
immunoreactive with antisera to N- and C-termini7. In addition, amy-
loid fractions contain higher molecular weight PrP peptides migrating
as poorly resolved bands of 12–16 and 22–30 kDa7. These bands are
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immunoreactive to the same antibodies that recognize the 7.5 kDa band,
suggesting that they represent primarily polymers of amyloid protein7.

4.8. In vitro studies with synthetic amyloid peptides

To investigate the physicochemical properties and kinetics of
assembly of the PrP-amyloid protein that constitutes the plaques
in GSS (GSS-amyloid protein), a peptide homologous to residues
82-146 of human PrP (PrP 82-146wt: GQPHGGGWGQGGGTHSQWN-
KPSKPKTNMKHMAGAAAAGAVVGGLGGYMLGSAMSRPIIHFGSDYE)
and scrambled sequences thereof were synthesized. In particular, be-
sides an entirely scrambled sequence (PrP 82-146scr: EADQFALG-
GSKHGNGMQQVAGHGGSMGAKAWGANGHPSGTGIPTAKMVPYKI-
YGGGWAG MGRPSS), partially scrambled peptides with selective
changes in the 106-126 or the 127-146 region (PrP 82-146106−126scr:
GQPHGGGWGQGGGTHSQWNKPSKPNGAKALMGGHGATKVVGA-
AAGYMLGSAMSRPIIHFGSDYE; PrP 82-146127−146scr: GQPHGGG-
WGQGGGTHSQWNKPSKPKTNMKHMAGAAAAGAVVGGLGSMYPA-
SHGLMEDFYGIGSIR) were generated. The regions to be modified
were selected based on previous studies showing that a peptide
spanning residues 106-126 (PrP 106-126) adopted a stable β-sheet
secondary structure and formed amyloid fibrils similar to those ob-
served in GSS60−64. Furthermore, a peptide corresponding to residues
127-147 (PrP 127-147) also formed filamentous structures resembling
scrapie-associated fibrils; however, this peptide possessed a lower
amyloidogenic potential than PrP 106-126. Shorter fragments spanning
residues 127-135 or 135-147 were non-fibrillogenic65. It is worth noting
that PrP 106-126 was highly toxic to primary neuronal cultures; this is
at variance with PrP 127-14765.

Using these peptides, it was possible to investigate the role of various
regions of PrP in the physicochemical and fibrillogenic properties of the
GSS-amyloid protein. These properties were assessed using a variety
of methods including electron microscopy, X-ray diffraction and Fourier
transform infrared spectroscopy (FTIR)64.

4.8.1. Solid state features of PrP 82-146wt: from
protofilaments to amyloid fibrils

The aggregation of PrP 82-146wt was analyzed at various time points.
As part of this analysis, electron microscopy showed two distinct types
of fibrils. The first type of fibrils (protofilaments) were long, straight, un-
branched, and 5.5-nm in diameter and had a high propensity to adhere
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Figure 4.7. Electron micrographs of aggregates generated by PrP 82-146wt as re-
vealed by negative staining of peptide suspensions. A, B and C correspond to 1, 24 and
72 h incubation, respectively. The sample contained essentially 5.5 nm protofilaments
after 1 h, a mixed population of fibrillary structures after 24 h and only 9.8 nm fibrils after
72 h.

to each other often organizing into bundles of various sizes. The second
type were 9.8-nm in diameter forming meshworks or star-like structures.
In the early phases of aggregation, fibrils of the first type were the most
numerous; however, their quantity decreased over time. On the contrary,
fibrils of the second type were scarce in the early phases and increased
over time. After 72 h, only fibrils of the second type were detectable
(Figure 4.7, Table 4.2).

These findings suggest that PrP 82-146wt aggregation is a stepwise
process in which protofilaments transform into mature amyloid fibrils.
Macromolecular assemblies of PrP 82-146wt were analyzed by X-ray
diffraction under three different conditions: lyophilized (L), vapour hy-
drated (VH), and solubilized/dried (S/D) (Table 4.2). The samples, after
the S/D treatment, gave an oriented diffraction pattern with a sharp
and strong reflection at Bragg spacing 0.477 nm on the meridian, while
after L and VH treatments the samples showed a circular reflection at
∼0.47 nm66−67. The spacing at ∼0.47 nm corresponds to the hydrogen–
bonding distance between parallel or antiparallel β chains. The sharp-
ness of this reflection indicated that PrP 82-146wt form a periodic array of
β chains that run normal to the long axis of the elongated assembly. An
oriented sample of PrP 82-146wt, after solubilization and drying, showed
a low–angle reflection at 5.9 nm spacing corresponding to 4.8 nm for a
solid cylinder and 3.5 nm for a tubular cylinder corresponding to a fibril
diameter of ∼7–10 nm. This observation is in agreement with the 9.8
nm-width fibrils observed during the electron microscopic analysis.
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Table 4.2. Structural features of PrP 82-146wt

Time of incubation (h) Fibril diameter (nm)

1 5.5 ± 1.8
9.5 ±1.1Electron

Microscopy 24 5.6 ± 1.8
9.6 ± 1.2

72 9.7 ± 1.1

168 9.8 ± 1.1

Conditiona L VH S/DX-ray
diffraction

Spacingb 0.484 C 0.477 C 0.477 M

Forward scatterc + + + 5.9

Exposure (h) 43 40 70

α-Helix β-sheet Turn Random coil
FTIR

22 ± 5% 54 ± 7% 24 ± 4% ≤2%

aL, lyophilized; VH, vapor hydrated; S/D, solubilized and dried.
bBragg spacing in nm; C; circular reflection, M ; meridional reflection.
cForward scatter refers to the central scattering observed near the beam stop, likely
arising from the structure factor of the macromolecular assembly.

FTIR spectra of PrP 82-146wt assemblies were characterized by a
narrow peak at 1630 cm−1 (Amide I region), a peak at 1535 cm−1 (Amide
II region) and a band at 3400 cm−1 (Figure 4.8: peaks 1, 2, and 3,
respectively), a profile indicating the presence of an extended β-sheet
structure68. The absence of a peak at 1675–1695 cm−1 suggested a
parallel β-sheet organization of fibrils68. The Amide I infrared band was
quantitatively resolved to identify the different secondary structures. The
analysis showed that PrP 82-146wt aggregates are primarily composed
of β-sheet (54%) and turn (24%) which is consistent with their amyloid-
like properties (Figure 4.8 and Table 4.2).

4.8.2. The integrity of the C-terminal region of
PrP 82-146wt is central to secondary structure
and aggregation properties

To investigate the determinants of the physicochemical properties
of the GSS-amyloid protein, comparative studies were carried out with
PrP 82-146wt and partially scrambled peptides PrP 82-146106−126scr and
PrP 82-146127−146scr. The ability to form macro aggregates was first
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Figure 4.8. FTIR spectra of PrP 82-146wt aggregates. Band 1 (Amide I region) is
representative of symmetric carbonyl stretch, Band 2 (Amide II region) of N-H bond
deformation, and Band 3 of N-H symmetric stretch.

analyzed by sedimentation experiments. Peptide solutions were incu-
bated at 37◦C for various times ranging from 0 to 96 h, and then were
centrifuged. The supernatants were analyzed by HPLC to determine
the percentage of peptide still in solution after centrifugation. The study
showed that the kinetics of aggregation of PrP 82-146wt was linear during
the first 3 days yielding 25%, 40% and 60% of sedimentable peptide after
24, 48 and 72 h, respectively. Thereafter, the aggregation rate increased
and more than 90% of peptide was found in the pellet after 96 h. The
modification of the amino acid sequence 106-126 or 127-146 resulted in
remarkable changes in the aggregation kinetics, although with opposite
effects (i.e. PrP 82-146106−126scr had an increased aggregation rate and
PrP 82-146127−146scr had a decreased aggregation rate). Almost 60% of
PrP 82-146106−126scr was sedimentable after 24 h and more than 85% af-
ter 96 h. By contrast, the aggregation ability of PrP 82-146127−146scr was
considerably reduced, paralleling that of the totally scrambled peptide
(Figure 4.9).

To assess the degree of protease resistance, pre-aggregated pep-
tides were subjected to proteinase K (PK) digestion at 37◦C for 30 min;
the samples were then centrifuged and pellets were dissolved in formic
acid and analyzed by HPLC. The extent of proteolysis was calculated
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Figure 4.9. Time-course of the aggregation of PrP 82-146wt and analogues. Aliquots
of 0.5 mM peptides in 20 mM Tris-HCl were incubated at 37◦C for 24, 48, 72 and 96 h
and then centrifuged at 13,000 × g for 10 min at 4◦C. Supernatants were analyzed by
reverse-phase HPLC and peptide concentrations at different times were expressed as
percentages of the corresponding values determined at zero time. The values corre-
sponding to each time point are the mean ± SD of 5 experiments.

as percentage of peptide present in the pellet compared to undigested
controls. PrP 82-146wt was partially resistant to PK (47 ± 3% as com-
pared to control values) at variance with PrP 82-146scr that was almost
completely degraded. The modification of the amino acid sequence 106-
126 or 127-146 resulted in significant changes in protease resistance,
although with opposite effects as observed for the aggregation proper-
ties. In fact, PrP 82-146127−146scr was largely sensitive to PK digestion, as
only 15 ± 2% of peptide was detected in the protease resistant fraction.
Conversely, the peptide PrP 82-146106−126scr showed an unexpectedly
high PK resistance (78 ± 8%).

The ultrastructure and staining properties of aggregates generated
by PrP 82-146wt and analogues thereof were analyzed by electron
microscopy and polarized light microscopy after Congo red staining
at various incubation times ranging from 1 to 168 h. The electron
microscopic study was carried out on both negatively-stained pep-
tide suspensions and positively-stained, resin-embedded pellets. While
PrP 82-146wt readily formed amyloid fibrils as reported above (Figure
4.10 A), the modification of the 106-126 or 127-146 regions had profound
qualitative and quantitative effects on fibrillogenesis. In early phases,
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Figure 4.10. Electron micrographs of the aggregates generated by PrP 82-146wt and
analogues, as revealed by positive staining of ultrathin sections of the pellets after 7-day
incubation. A, PrP 82-146wt; B, PrP 82-146106−126scr; C, PrP 82-146127−146scr.

PrP 82-146106−126scr generated primarily amorphous aggregates that
were associated with a few, relatively short, irregular fibrils with average
diameter of 7.3 nm. With time, the density of fibrillar assemblies pro-
gressively increased, and more regular, ∼7.7 nm-diameter fibrils were
detected. These fibrils were often paired or organized into bundles or
loose meshworks that were birefringent after Congo red staining and
were associated with a substantial amount of amorphous aggregates up
to the end-point of the experiment (Figure 4.10 B). PrP 82-146127−146scr

did not generate amyloid fibrils even after long incubation times. Peptide
preparations contained primarily electron dense amorphous material in-
termingled with a relatively small number of short filamentous structures
that were usually assembled into twisted bundles without the ultrastruc-
tural features and staining properties of amyloid (Figure 4.10 C).

In conclusion, the physicochemical characteristics of the synthetic
peptide PrP 82-146wt (Table 4.3) account for the massive deposition
of PrP amyloid that occurs in GSS. The analysis of the aggregation
process revealed a complex fibril assembly of PrP 82-146wt, suggest-
ing a dynamic process that includes the generation of protofilaments in
early stages and later the formation of fibrils. Both 106-126 and 127-146
sequences are important determinants of the physicochemical charac-
teristics of PrP 82-146wt; however in the intact peptide, the C-terminal
segment 127-146 plays a crucial role for the secondary structure and
aggregation properties.
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Table 4.3. Features of PrP 82-146wt and analogues

PrP 82-146wt PrP 82-146106−126scr PrP 82-146127−146scr

β-sheet content (%) 54 52 Not determined

X-ray diffraction patterns β β Not determined

PK-resistant fraction (%) 47 78 15

Peptide assemblies
(168h)

+ + + + + ±

Amyloid fibrils Amorphous
aggregates

− + + + + +
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5.1. Introduction

Prion diseases comprise an extraordinary family of diseases with a
novel infectious agent. Unsurprisingly, the nature of this agent has stolen
much of the limelight in the study of this chronic neurodegenerative
disease. This has meant rapid advances in our understanding of the
formation of aberrant PrP from the normal cellular form of the protein
and has prompted much investigation into how fragments of this protein
may affect the viability or functioning of cultured neurons. That deletion
of the PrP gene prevents the transmission of prion disease to mice, and
mutations in the PrP gene cause human forms of prion disease have
provided strong evidence for the prion hypothesis. However, rather less
is understood of neuronal death in the disease. Which neurons die first?
How do they die? Which neurons must die before the animal succumbs
to terminal disease and death? Obviously these are key problems in
understanding the progression of prion disease and are not trivial ones
to solve. If one studies the whole animal rather than the isolated cell
this imposes restrictions on the molecular detail one can hope to reveal
about a disease process. However, dysfunction at the behavioural level
can reveal neuroanatomical circuitry that is no longer functioning and
can provide us with ways into understanding the disease that studies of
neurons in culture cannot. While mice are often considered to have a
limited behavioural repertoire, recent work has shown that behavioural
tests can reveal signs of prion disease long before the clinical phase
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of disease. This work has brought our understanding of behavioural
changes up to date with what we already knew about some aspects
of the neuropathology of disease, but has also placed us in a position
to identify areas of dysfunction so far unsuspected. In this chapter, be-
havioural and comparative neuropathological studies in murine models
of prion disease will be discussed. The focus will be on early behavioural
changes rather than late neurological signs since, by the terminal stages
of disease, the pathology tends to be rather widespread and it becomes
difficult to relate specific behavioural impairments to discrete patholog-
ical features. This chapter will discuss:

� Similarities between murine and human prion diseases.
� The behavioural profile of mouse-adapted prion disease strains
� Neuroanatomical substrates of behavioural dysfunction.
� How behaviour can be used in therapeutic and transgenic studies

of prion disease.

5.2. Clinical symptoms in human disease

Mouse models of human disease allow us to study the in vivo dis-
ease in a way that is obviously not possible in patients. They allow
us to harvest tissue at specific time points during disease in order to
make assessments of alterations in protein expression as disease pro-
gresses and to observe the early stages of neuronal damage or death
and other features of neuropathology. What is sometimes overlooked
is that they also offer the opportunity to watch the animal itself as it
develops disease. The human prion diseases Gerstmann-Straussler-
Scheinker (GSS) syndrome, fatal familial insomnia (FFI) and Creutzfeldt-
Jakob disease (CJD) in both its sporadic and variant forms are fatal
neurodegenerative diseases and as such those who succumb to them
present with psychiatric and/or neurological symptoms. These include
alterations in behaviour, cognition and movement as well as autonomic
nervous system dysfunction. It has become increasingly clear that ro-
dents infected with transmissible forms of prion disease also show such
behavioural impairments.

One emerging feature in prion disease is that the psychiatrist is now
often the first medical practitioner to come into contact with patients with
prion diseases. This is due to the gradual appearance in the population
of young adults suffering from new variant CJD, the disease entity appar-
ently caused by the ingestion of BSE-infected meat1. These patients are
affected at a much younger age than is seen with other prion diseases
and show a pattern of behavioural abnormalities that are less often
seen in familial or sporadic forms of prion disease2. These behavioural
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abnormalities include a number of features of depression and precede
the appearance of dementia and typical clinical signs.

Since the number of cases of variant CJD is still relatively small, the
picture of early psychiatric and neurological features is still emerging,
and currently forms a somewhat heterogeneous combination of differ-
ent “first” symptoms. Since there may be multiple subtle impairments
at presentation, the impairments observed might depend on how and
by whom the patient is first examined, and it may also be difficult to
retrospectively pinpoint the first manifestation. However, the first larger
studies of these patients have shown differences in the clinical pat-
terns shown by vCJD and sporadic CJD. Patients with suspected spo-
radic CJD show varied presentation with anything from ataxia to cog-
nitive impairment to hallucinations, but most often neurological deficits
such as visual disturbances and cerebellar dysfunction, and behavioural
changes such as apathy are the first symptoms, while the rapidly pro-
gressive dementia is a hallmark3. The balance is more clearly weighted
towards psychiatric symptoms in the new variant form of disease. In the
study of Spencer et al.,2 on the first 100 patients diagnosed with vCJD,
psychiatric symptoms preceded neurological ones in 63 cases while
the opposite was true in only 15 cases. The most common psychiatric
symptoms included dysphoria, withdrawal, anxiety, irritability, insomnia
and loss of interest. This combination of affective (emotional) symptoms
led, in many cases, to an initial diagnosis of depression. However, the
frequent development of cognitive impairment including memory loss,
impaired concentration and disorientation signalled a possible neuro-
logical disorder underlying these affective changes and at least one
neurological symptom was present in 57% of cases within 2 months
of clinical onset. The neurological signs include gait disturbance and
impaired coordination, myoclonus, incontinence, upper motor neuron
signs, sensory changes such as paraesthesia (“pins and needles”) and
numbness, as well as visual symptoms, but in general these appear late
in disease progression. Indeed the late stages of many human prion dis-
eases tend to show a convergence in symptoms. The terminal stages
of most prion diseases are marked by cerebellar ataxia, pyramidal and
extra-pyramidal motor signs, myoclonus, profound dementia, severe au-
tonomic dysfunction3 and ultimately, akinetic mutism4. Most of these dis-
eases are described in the literature as being of short duration compared
to other dementias. That is to say that the symptomatic stage of the dis-
ease lasts from a few months to, at most, a few years. However the rapid-
ity of deterioration once clinical signs become apparent probably masks
a slow degenerative disease that has been progressing without obvi-
ous signs before overt neurological or psychiatric symptoms become
apparent.
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This rapid onset after “clinically silent” incubation periods is also a fre-
quently described feature of murine models of prion disease. Infected
mice have classically been described as asymptomatic until late stages
of disease, when they begin to show motor in-coordination and changes
in gait, followed by urinary incontinence, priapism, decreased locomo-
tion, ruffled fur and hunched posture. These are neurological signs of
motor and autonomic dysfunction. To ask whether there are also psychi-
atric and subtle cognitive symptoms in prion-diseased mice is obviously
slightly more complicated than in humans. However, we can use be-
havioural measures to determine what is occurring before the onset of
neurological symptoms of disease. It has been a major aim of studies
in our laboratory and those of our collaborators, to develop behavioural
assays that inform on prion disease progression and to link these to
observed patterns of pathology. Initially the model chosen in which to
monitor behavioural impairments was the ME7 mouse-adapted scrapie
strain. This strain is one of the best characterised of those currently stud-
ied in mice. At terminal stages of disease one can observe widespread
vacuolation of the tissue, PrPSc deposition, and microglial and astro-
cytic activation5. This is most obvious in the hippocampus and thala-
mus. Less is known about the patterns of neuronal death. It has been
known for some time that mice infected with this strain show marked
neuronal death in the CA1 of the hippocampus, which is preceded by
dendritic and synaptic damage/loss in the stratum radiatum6 but the
focus of pathological studies in this strain has remained mostly in the
hippocampus.

5.3. Murine behaviour phase 1: species-typical,
affective, reward-seeking behaviours

We have shown early behavioural changes in ME7-inoculated
animals7−9 and have demonstrated that the first pathological changes
observed in this strain correspond temporally with the earliest be-
havioural changes in prion disease10. These animals show a progressive
decline in glucose-induced polydipsia (increased drinking when pre-
sented with a palatable glucose solution instead of the normal drinking
water), in burrowing of food pellets and in nest building, all of which
generally become statistically significant at approximately 12 weeks
(approximately 50% of disease duration)7−10. The appearance of this
group of behavioural impairments is highly reproducible and these tests
are extremely useful as non-invasive indicators of disease progression,
but what do these tests actually assay? Can they tell us anything about
the nature of the ongoing disease process?
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The normal performance of these tests is species-typical. That is
to say that mice will spontaneously become polydipsic (i.e. drink more
than normal) when presented with a palatable glucose solution instead
of their usual drinking water. They naturally will burrow food pellets out
of a tube in the home cage if presented with this option and will spon-
taneously build a nest in the home cage if presented with the materials
with which to do this. These are “instinctive” behaviours for mice but in
the early stages of ME7-induced prion disease they no longer behave in
this instinctive way. What drives these behaviours? The most simplistic
explanation of these behaviours is that there is a benefit or a reward ele-
ment in each case. Mice, both male and female, will construct nests in the
home cage. In our experiments mice are presented with a pressed cot-
ton “nestlet”, which they normally shred into small pieces and use these
to build a deep saucer-shaped nest. Poorer nests consist of a flat cush-
ion of material and in the worst cases the nestlet is incompletely torn or
completely untouched. The spontaneous nest-building in mice is thought
to be primarily for thermoregulatory purposes since standard housing
temperatures for mice (21◦C) are lower than that which is ideal for ther-
mal comfort (i.e. when placed in a temperature gradient C57BL/6 mice
choose to remain at 27◦C11). Mice challenged with bacterial endotoxin
(lipopolysaccharide, LPS) decrease locomotor activity as part of the
sickness behaviour response to infection. Sickness behaviour is a coor-
dinated set of neural responses that represents a reorganisation of pri-
orities in order to adapt to the onset of infection. This response includes
decreases in locomotor and social activity, grooming, food consump-
tion, anorexic and fever responses. The response is driven by the cen-
tral nervous system expression of pro-inflammatory cytokines12. Mice
also cease nest-building activities as part of this sickness behavioural
response, but if challenged with the same dose of LPS in a cold environ-
ment (6◦C) they now resume nest-building activities despite continued-
lower locomotor activity13. Thus, there is a point at which the benefit of
nest building is outweighed by the cost or motivation required to per-
form this activity, but when deemed not strictly necessary it is sacrificed.
Since prion-diseased mice are not exhibiting typical sickness behaviour
(in early stages of disease they appear normal and have no obvious
change in activity or body-temperature) the explanation of decreased
nesting is not immediately obvious. This will be discussed further below.

Another dysfunctional behaviour we have observed in prion-diseased
mice is decreased consumption of a glucose solution. Presentation of
a 10% glucose solution induces polydipsia, or higher than normal liq-
uid consumption, in mice. From approximately 10–12 weeks into ME7-
induced prion disease this polydipsic effect declines. We have not mea-
sured water consumption per se in these animals and thus cannot
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comment on whether they drink more or less than normal animals.
There is some evidence that drinking water consumption shows sim-
ilar effects to sucrose solution14,15. Although the evidence presented
by Outram et al. and by Suckling et al. for decreased water consump-
tion is less convincing, similar observations have also been made more
recently by Dell-Omo et al16. In our hands, even upon decline in poly-
dipsia these mice are consuming glucose solution at or above the nor-
mal daily water consumption for C57BL/6 mice and so it appears that
the test does not inform on reduced ingestive behaviour, but rather re-
duced reward-seeking behaviour. The decreased consumption of palat-
able glucose solutions has been a widely used measure of anhedonia17

(the failure to derive pleasure from normally pleasurable activities), but
is often complicated by the anorexic effects that are associated with
typical sickness behaviour-inducing treatments. However, using intra-
cranial self-stimulation paradigms, it has been shown that mice will
perform bar-presses to induce pleasurable hypothalamic stimulation18.
As the intensity of the cranial stimulation is decreased both untreated
and LPS-treated animals decrease their responses to it at the same
rate, demonstrating a gradual loss of interest in the stimulus as it be-
comes less intense/pleasurable. However, on increasing the stimulus
from zero, normal animals clearly respond to a less intense signal than
that required to induce bar presses in LPS-treated animals. This ex-
periment demonstrates that animals respond differentially to the re-
warding stimulus depending on the cost:benefit ratio and those ani-
mals experiencing anhedonia are less likely to engage in reward-seeking
behaviour.

It has been noted by some researchers that strains of prion dis-
ease, including 79A and ME7, produce vacuolar pathology in the
hypothalamus19 and ME7 in particular causes glucose intolerance and
obesity20. To my knowledge no clear demonstration of neuronal loss in
the hypothalamus has been presented. Though often associated with
cell loss, it remains unclear exactly what tissue vacuolation signifies,
and we have thus preferred to use microglial activation as a means of
assessing regions of the brain undergoing dysfunction or degeneration.
Microglia are exquisitely sensitive to neuronal death, damage or even
altered homeostasis21. We have used this method to identify the stratum
radiatum of the hippocampus, the medial and lateral septum and the en-
torhinal cortex as the first areas affected when behavioural impairments
first become apparent in the ME7 model of prion disease10. Using this
method, we fail to find marked pathology in the hypothalamic nuclei,
even at terminal stages of disease. The hypothalamus is known to be a
crucial centre in the control of ingestive behaviours since electrolytic
lesions of the lateral hypothalamic area tend to produce decreased
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consumption (adipsia/aphagia) while ventromedial lesions cause hy-
perphagia and obesity22. However, in ME7 induced prion disease we
observe no marked pathology in this region, no clear adipsia but clear
weight gain. This group of findings is not consistent with any particular
hypothalamic pathology. Therefore, it appears that while ingestive be-
haviour per se maybe somewhat affected in this model, reward-oriented
consumption is decreased rather more. This is an important distinction
since it necessarily relates decreases in glucose consumption to moti-
vational and emotional states in the animal, which may have parallels in
the human disease. The majority of variant CJD cases and many spo-
radic cases present with dysphoria, withdrawal and loss of interest (i.e.
depression) as the first symptoms2.

To date, the test that has showed most sensitivity to early prion-
associated dysfunction is burrowing. It remains unclear exactly what
burrowing assays. In this test, a tube of material such as food pellets
is placed in the cage of a single mouse, and almost all mice sponta-
neously dig some or all of the material out of the tube. This test, de-
vised by R. Deacon8, was based on the food-hoarding paradigm in rats.
However, mice will perform this activity even with non-edible materials.
What is clear is that mice appear to find this activity rewarding; a typical
C57BL/6 mouse will burrow many times its own weight in food pellets
in 2 hours and will repeat this performance on many consecutive days.
Though they may sometimes sleep in the emptied tube, mice will empty
a full tube even if there is already an empty tube close by in the same
cage. Prion-diseased mice become impaired on this burrowing task early
in the disease, without showing any evidence of motor dysfunction. As
discussed above, the withdrawal from activities that the individual usu-
ally finds pleasurable is a clear sign of an affective (or emotional) dis-
turbance. From excitotoxic lesion studies we know that this burrowing
task, as well as nesting, requires an intact hippocampus23. In addition
we know that both of these tasks and glucose consumption can be de-
creased by administration of LPS, although glucose consumption and, in
particular, burrowing are more sensitive to these challenges than nest-
ing (Deacon et al., manuscript submitted). Thus, nest construction may
be retained during bacterial infection because of its thermoregulatory
importance while more “hedonistic” behaviours such as burrowing and
glucose consumption are lost in the sickness-induced reorganisation
of priorities. Motivation has been defined as a central state that organ-
ises perception and action; whereby an altered motivational state may
produce a reduced attention to external events24, and this seems appro-
priate to describe changes such as that seen in burrowing, nesting and
glucose consumption after challenges with LPS and in the ME7 model
of prion disease.
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However, changes in motivation caused by prion disease are likely
to be different to those caused by LPS. While I have made many com-
parisons between behavioural alterations caused by LPS and by prion
disease there are fundamental differences between these. In the case of
LPS these animals are exhibiting sickness behaviour and show a gen-
eral depression of many activities, including locomotion in the open field,
with a likely depression of most activities that involve motor activity. It is
clear that prion-diseased animals do not become hypoactive in the open
field (indeed they show open field hyperactivity) and thus the behavioural
spectra overlap but differ fundamentally. As discussed above, sickness
behaviour is driven by CNS expression of pro-inflammatory cytokines12

and we have shown that the expression of cytokines in the ME7 model
of prion disease is absent or lower than that produced by peripheral
injections with LPS, and is also qualitatively different in that ME7 also
induces synthesis of the anti-inflammatory cytokine TGFβ125,26. The
prion-disease behavioural profile is not a sickness profile and is much
more likely to reflect neuronal dysfunction and synaptic loss, unlike the
response to LPS, which is a temporary and homeostatic mechanism to
adapt to the onset of bacterial infection. However, some of the sites of
dysfunction, particularly the hippocampus27, are likely to be common to
both mechanisms of behavioural change.

Hippocampal circuitry appears to be important in linking external stim-
uli with the innate motivations and motor programs of species-typical
behaviours, in the same way that objects and actions are processed in
a co-ordinated fashion during exploration and other spatial learning28.
Thus, although comparisons between impaired nesting in mice and al-
tered behaviours in demented patients are not obvious, it is of interest
that apathy or loss of interest is a consistent early observation in new
variant CJD2. A decrease in performance of a “domestic” task like nest-
ing may have parallels in the impairments in “activities of daily living”
observed in Alzheimer’s disease29. Though this type of assessment has
only occasionally been applied in rapidly progressing dementias such
as prion diseases30 it is undeniable that people with these conditions
become less functional in the home and workplace before becoming
obviously demented. Hippocampal-lesioned mice remain healthy and
show no obvious disadvantages in the home cage, where they are pre-
sented with food, water and shelter daily, but are more susceptible to
“natural” pressures such as predation31 in altered environments. With
a lowered exploratory drive, poor knowledge of spatial layout and the
locations of resources such as food, water and shelter, these mice eas-
ily succumb to natural pressures. Hippocampal damage is prominent in
Alzheimer’s disease patients but there is some debate as to whether this
is true in CJD. It is generally believed that CA1 hippocampal neurons
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are not lost during CJD32, but there are reports of pathology in this
area33,34 and synaptic loss without neuronal death has been shown to
be sufficient for impairment on hippocampal tasks in mice10. Without the
support of carers, people suffering from dementia would also eventually
face life-threatening difficulties. While the environments we inhabit are
fundamentally different, both mice and humans must provide nourish-
ment, shelter and security for themselves and the ability to do this is
impaired in dementia, whether it is prion disease in mice or in humans.

5.4. Phase 2: altered activity and cognition

The next phase of mouse-adapted scrapie disease is marked by
changes in open field activity and in cognition. This overlaps the de-
creases in burrowing to some extent but does not become marked until
the 14–18 week period. During a 3-minute open field test, ME7-infected
mice show marked hyperactivity in an open field arena measuring 50 cm
(length) × 30 cm (width) × 20 cm (depth). This activity reaches as
high as four fold increases compared to the activity of normal brain
homogenate-injected animals and is apparent both in distance travelled
and in number of rears (where the animal raises itself onto its hind paws,
with or without the assistance of the arena wall). Our laboratory is not
the first to describe changes in motor activity in mouse adapted prion
diseases, but there has been much variability in the findings of various
research groups and it may be informative to examine these differences.
In 1980 McFarland and Hotchin described increased open field activity at
100 and 150 days post-inoculation with the Chandler strain of mouse-
adapted scrapie using an open field arena similar to that used in our
studies35. However, even as early as 1976 Suckling et al. demonstrated
that mice, also inoculated with the Chandler strain show a progressive
decrease in home cage activity when monitored continuously over the
course of the disease, with an excitable phase just preceding the clini-
cal phase15. A more recent study by Dell’Omo et al concurs with these
data16. Their data show clearly decreased home-cage activity of ME7
injected animals at weeks 11 and 15 post-inoculation in the striatum,
with less clear decreases at other points in the disease. Interestingly,
like in the studies of Suckling et al., the home cage activity begins to
increase in ME7 in the later stages such that overall nocturnal activ-
ity is almost equal to that of controls by terminal stages of disease. In
the same study the 139A strain remains more active in the home cage
than controls, while 301C, a mouse-adapted BSE strain, showed lower
home cage activity throughout. It should be noted that the control ani-
mals in these studies were naı̈ve and thus not inoculated with NBH as
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is customary with prion disease studies and it is unclear whether one
can assume that animals injected with normal brain homogenate are
truly “normal”. It is also of note that to facilitate home cage monitor-
ing, these animals were singly housed for the duration of the disease
progression and this is known to cause multiple alterations in murine
behaviour, including effects on locomotor activity11.

As well as home cage activity, these authors16 also examined open
field activity and reported increased open field walking and wall rear-
ing in ME7- and 139A-injected animals at 19 weeks post-inoculation.
It is informative that in different 2-minute intervals during a 20-minute
open field test there were clear differences between successive peri-
ods. In general ME7-injected animals were considerably more active in
the first 2 minutes in the open field, with a gradual lessening of their
hyperactivity over the duration of the open field measurements. When
combined with the home cage findings of these authors and our own
open field measurements this suggests that activities may be altered in
multiple ways that reflect more than simply locomotor hyper- or hypoac-
tivity. Thus it is possible, at least in the ME7 model, that these animals
are hypoactive in the home cage, which may inform on apathy, loss of in-
terest in exploration of the home cage, or indeed hypersomnia, but may
be more active in the open field as a result of an altered response to
novel environments. Indeed disturbances in sleep patterns are a defin-
ing characteristic of another prion disease, fatal familial insomnia, albeit,
in this case insomnia is observed. It is also of interest that deletion of
PrP in mice causes changes in circadian activity36.

The increased activity in the open field may represent a cognitive im-
pairment, which causes these mice to continually explore an open field
arena that normal animals gradually habituate to and explore less each
week. Rearing, in particular, is generally considered to be an exploratory
behaviour and such increased exploration of a somewhat familiar envi-
ronment may inform on some impairment in cognition. There may also
be some anxiety response to the novel environment. Little has been done
to investigate anxiety in prion diseased mice but a more detailed analysis
of multiple activities in the open field can distinguish between exploration
and locomotion and thus inform on changes in emotional/anxiety states
in mice37. Typical fear/anxiety responses include increased defecation,
freezing and significant thigmotaxis in a novel environment (rodents tend
to stay in close proximity with the walls of the arena in which they are
placed) while upon habituation to this environment mice show more
exploratory behaviour. Since both simple locomotor activity around the
edges of the arena and more directed exploratory activity are totalled in
the “distance travelled” or “squares crossed” readouts of most open field
studies (including our own), we currently do not have a clear indication
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of anxiety in this model. One study that did examine central versus pe-
ripheral locomotion in the open field reported no differences between
prion-infected and normal animals35. Using defecation as an index of
emotionality, we also found no evidence from the open field of any ma-
jor increase in emotionality (unpublished observations). However anxi-
ety remains one relatively frequent early symptom in variant CJD and the
indications from our early murine behavioural studies are that there are
early affective problems. There are a number of relatively specific tests
for anxiety (elevated plus-shaped maze, light dark box, hyponeopha-
gia) and in combination with automated open field measurements with
multiple readouts, such as those currently being used in our laboratory,
these should allow examination of anxiety in some detail.

With no clear indication as to whether anxiety has a role to play, it
is tempting to speculate on whether cognitive changes may underpin
the observed open field hyperactivity. It is clear at this stage of the dis-
ease that these animals are showing signs of cognitive impairment. The
initial studies of learning in scrapie were performed using the passive
avoidance test. Passive avoidance involves a mild footshock as stim-
ulus and avoidance of the location of the stimulus is the expected re-
sponse in normal animals. Testing can be assessed in various ways.
In a one trial test, animals are exposed to a footshock when entering a
dark compartment of the apparatus and then 24 hours later are placed
in the apparatus again and the time taken to revisit this compartment
(latency) is determined. In multi-trial passive avoidance the animals per-
form an acquisition session in which they are footshocked at intervals
until they move from the dark area and remain in the safe side for a set
time. On reaching this set time (criterion) they have “acquired” passive
avoidance (acquisition is assessed by the number of shocks required
to induce exit from the shock compartment). This measure is useful in
its own right but these animals are then assessed again at intervals
throughout treatments or disease in order to test whether the learned
avoidance of the dark compartment is retained (retention). One trial
passive avoidance testing performed by Hunter et al. suggested that
mice with preclinical ME7 and 22C did not become cognitively impaired
after intraperitoneal inoculation while 139A and 79A were only mildly
impaired and this impairment was overcome at higher shock levels38.
Our laboratories have published impairment of prion-diseased animals
on multi-trial passive avoidance7. The impairments were noted on reten-
tion of avoidance from 16–20 weeks post-inoculation onwards. These
tests have been repeated in subsequent studies in our laboratories with
similar, though not identical, results9 and retention has also been shown
to be impaired in hamsters inoculated with the 263K strain of scrapie39.
The results with passive avoidance have been relatively variable, but the
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stress component of repeated testing on this test make it less than ideal
as a repetitive testing strategy. Spatial learning tests exploit the animals’
natural exploratory tendencies and have also been used to demonstrate
impairments in prion disease. Lysons et al. employed a food-rewarded
T-shaped maze test to show that 139A scrapie-infected mice were not
impaired on acquisition of learning, as judged by the mice requiring
the same number of days training to reach a pre-set “pass-rate” (the
criterion)40. However these animals were impaired on reversal learn-
ing (i.e. the reward is switched to the other arm of the maze and they
must re-learn and once again reach a criterion). The authors described
these learning abnormalities as a rapid extinction of the original discrim-
ination followed by a normal relearning of the reversal. This effect was
pronounced from approximately 68 days before clinical symptoms. We
now routinely use spontaneous alternation as a means of assessment
of working spatial memory. Normal mice, when placed in the start arm
of a T-maze, will generally visit one of the goal arms of the maze, and
after being confined in this arm for 30 seconds and then replaced at
the starting point will then choose the other goal arm (i.e. they sponta-
neously alternate their choices). This is the criterion for spontaneous al-
ternation. Normal mice show spontaneous alternation at approximately
80% while ME7-infected mice decline to chance levels (50%). This de-
crease was first reported at 18 weeks post-inoculation9 but we now find
this impairment as early as 14 weeks and find it continued thereafter
(Figure 5.1).

Together these findings suggest clear cognitive impairment from the
middle stages of the disease. The human diseases are characterized by
rapidly progressive dementia and the studies discussed above demon-
strate impairments at least on working and reference memory across a
number of mouse and hamster models, with different routes of inocula-
tion. Thus, it appears that in the early to middle stages of mouse-adapted
scrapie we can observe depression of mood and reward-seeking be-
haviours, open field hyperactivity and impaired cognitive performance.
In effect, therefore, this mouse model recreates many of the reported
psychiatric and cognitive changes of the early stages of variant CJD. A
representative sample of behavioural monitoring data carried out in our
laboratories is shown in Figure 5.1.

5.5. Neuroanatomical substrates of altered
behaviours

These studies of early behavioural changes reveal a pattern of be-
havioural changes that is not unlike those most commonly observed in
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Figure 5.1. Sample data for burrowing, glucose consumption, open field activity and
spontaneous alternation in normal brain homogenate and ME7-infected C57BL/6 mice
after intra-hippocampal inoculation.

variant CJD: affective changes such as apathy, dysphoria, withdrawal,
followed by cognitive impairment and neurological signs. In order to
maximise the information obtained from these behavioural studies it
is useful to consider the neuroanatomy of these tasks and the neu-
ropathology that accompanies the observed impairment in the disease.
Though much has been written about neuropathological signs in prion
disease, the read-outs used have been various and their meanings often
not clear. The most commonly used readouts of prion disease pathol-
ogy are deposition of PrPSc, vacuolation of the tissue, and astrocytosis.
While the identification of some of these features in a given structure
may provide an indication of aberrant activity in this area, neither vac-
uolation nor PrPSc show a strong correlation with neuronal or synaptic
loss in humans41 or in animal models10. In order to understand loss
of function in brain circuitry we have taken the approach of assessing
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synaptic and neuronal loss. As discussed above, since the late stage
pathology is widespread it is difficult to relate specific impairments to
neuronal dysfunction in specific circuitry. Thus, we reasoned that if the
earliest signs of neuronal dysfunction could be established and these
early signs could be related to neuropathological features in particular
brain regions this would in turn facilitate studies of the earliest cellu-
lar and molecular components of the pathogenesis. Much had already
been published on hippocampal pathology in the ME7 model of prion
disease, including quantification of CA1 neuronal loss and descriptions
of both pre-synaptic and dendritic damage6,42−44, but little information
on neuronal damage outside this area was available. Using the stereo-
tactic intra-hippocampal injection of ME7 we carried out detailed anal-
yses of the pathology in these mice at 13 weeks post-inoculation. In
the first instance we waited to observe statistically significant changes
in the early behaviours described above and then, using the same an-
imals, used microglial staining to identify areas of neuronal dysfunc-
tion that might underlie the behavioural changes. Microglia are the resi-
dent macrophages of the brain and are exquisitely sensitive to neuronal
death, damage or even altered homeostasis21. In the early stages of
ME7, initiated by intra-hippocampal inoculation, we found that the hip-
pocampus, the medial and lateral septum and the entorhinal cortex all
showed clear microglial activation. The most marked activation was vis-
ible in the stratum radiatum of the hippocampus and thus this formed
the focus for closer investigation of cell death and synaptic damage. At
the time of the first behavioural impairments there was no evidence of
neuronal death in the CA1 of the hippocampus but significant loss of
staining for the pre-synaptic marker synaptophysin. Interpreting this as
synaptic loss, it seems likely that this loss of connectivity in the stra-
tum radiatum underlies the impairments seen. Thus it appears that the
synapse is the primary target of prion-associated pathology10.

It is a frequent criticism of this work that hippocampal damage might
be the expected result of hippocampal injections. Intuitively, one might
expect toxicity where one injects a toxin, but the “prion” is not a con-
ventional toxic agent and the first sites of toxicity may not necessarily
be where it is first placed. In early studies Fraser, Outram and others
have shown that the patterns of vacuolation observed are not affected
by the initial brain site of inoculation19,45. The pathology that we observe
in late stage ME7 injected brain is entirely consistent with what has pre-
viously been reported in these animals after intraperitoneal injection5.
This finding demonstrates that neurons in this area are more suscepti-
ble to ME7-induced cell death than those in other areas and thus, the
behavioural and early pathological impairments can not be explained
by the site of injection. Indeed it is informative to note that the granule
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cells of the dentate gyrus, which also lie at the injection site, do not die
until much later in the disease, if at all, and that there is no significant
CA1 neuronal death after intra-hippocampal inoculation with 22L or 22A
strains (discussed further below). Thus, proximity to the inoculum clearly
does not imply susceptibility to PrP-associated death.

5.6. Applying this approach to other strains

Armed with the knowledge that CA1 synaptic loss is associated with
the behavioural changes observed in ME7, we studied the pattern of be-
havioural changes in a number of other strains. There are multiple strains
of mouse-adapted prion disease, which have been characterised by their
survival times and vacuolation profiles5. However, some authors have
suggested that many of these strains are artefacts of passage through
mice of different PrP genotypes, and that the real number of distinct
strains is far fewer than reported46. Though some previous behavioural
studies also used strains other than ME7, we planned to study specific
strains, which are described as having distinct patterns of pathology,
and which have been little studied in behavioural terms. We used the
combined behavioural and neuropathological approach to investigate
whether strains with different pathologies produce different patterns of
behavioural dysfunction. This approach may serve to define suscepti-
ble neuronal populations and highlight pathways of degeneration that
are common to, or distinct from, other strains. One might have expected
that 22L, which shows conspicuous cerebellar pathology5, would fail to
induce those behavioural impairments that we know to be related to
hippocampal dysfunction23. We repeated our previous behavioural test
battery in the strains ME7, 79A, 22L and 22A. Remarkably, all strains
produced the same sequence of behavioural changes47. There were dif-
ferences in the precise timing of changes, but no significant difference
in the sequence. That is to say 22A, which has a very long incubation
period in C57BL/6 mice, did not show changes in burrowing until much
later than the other strains, but showed this change before any other
impairments. In addition, 22L tended to be slightly more advanced than
the other strains in its early increase in open field activity, its late stage
decrease in this activity, and its onset of neurological deficits such as
muscle weakness and motor co-ordination, but this strain has a slightly
shorter incubation period than the others examined. However, the im-
pairments appeared in the same sequence in all strains (phase 1 im-
pairments, followed by phase 2 impairments, followed by neurological
and finally terminal clinical signs). Slight differences in timing could be
explained by the time-course of incubation. A summary of the changes
in each strain is shown in Table 5.1.
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Table 5.1.

Nest Gluc Burr Rear Sqr Bar Scrn R.rod S.rod Sqr� Rear�

ME7 1 1 1 2 2 3 4 4 4 5 5
79A 1 1 1 2 2 4 3 4 4 5 4
22L 1 1 2 1 2 3 3 4 4 4 3

Note: The time at which animals become impaired on each task has been assigned a
number in the sequence of the overall behavioural pattern such that the first behaviour,
or the first group of behaviours to become impaired is assigned 1. These are assigned on
the basis of trends observed rather than on statistically significant decreases/increases.
Burr, burrowing; Sqr, squares crossed; Gluc, glucose; Bar, horizontal bar; Scrn, inverted
screen; R rod, rotating rod; S rod, static rod; Sqr�, decreased squares crossed; Rear�,
decreased rears. Reproduced from Cunningham et al.47

This finding that all of these strains showed essentially the same
behavioural pattern prompted a close re-examination of the pathology
of these strains to determine how different they really are. This analy-
sis showed clear differences and some important similarities between
the strains. 79A showed marked white matter microglial activation, as
was predicted from previous studies of increased vacuolation in white
matter5, while 22L and 22A showed the most severe microglial activa-
tion in the cerebellum, consistent with previous reports of severe vac-
uolation in this region5. However, it was clear that all strains showed
marked microglial activation in both hippocampus and thalamus. This
was most severe in ME7 and least severe in 22L (ME7>79A>22L).
Consistent with these patterns of microglial activation, neurodegener-
ation in the hippocampal CA1 layer was statistically significant in the
ME7 and 79A strains, whereas 22L and 22A did not show statistically
significant neuronal loss in this region. Conversely only 22L and 22A
showed significant cerebellar Purkinje cell loss. These distinct patterns
of neuronal death are consistent with vacuolar profiles in these regions
in the studies of Bruce et al.5 and function as an important validation
of the intra-hippocampal route of inoculation i.e. the findings uphold the
idea that specific strains target specific areas rather than preferentially
killing neurons proximal to the injection site. In the studies of Bruce5 the
focus was on the differences between strains with respect to vacuola-
tion profiles and incubation times, but the study also revealed that there
are areas of clear overlap. Since those studies focus only on late stage
pathological changes, it remains possible that some or all of the early
events are similar between strains and that divergence between strains
appears only later in disease. We have demonstrated a common early
behavioural pattern among the four strains ME7, 79A, 22L and 22A, and
believe that a common pathway of neuronal dysfunction may underlie
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it. Neuropathological assessment of these strains at the point of first
behavioural deficits should prove very informative.

5.7. A common pathological profile?

The end stage pathology of all four strains shows clear distinctions
but includes significant microglial activation that encompasses the limbic
system, brainstem, cortex and cerebellum to greater or lesser degrees.
Although all strains showed hippocampal pathology there were clear dif-
ferences between ME7, 79A, 22L, and 22A at the level of the synaptic
loss. There was severe loss of hippocampal CA1 synapses in ME7-
injected animals while those in 79A and 22L were better preserved,
despite also showing some loss. Thus, although there is significantly
less synaptic loss in the CA1 of 22L and 79A, it is sufficient for loss of
function with respect to the behavioural tasks examined in this study.
Given that 80% of the input to the CA1 stratum radiatum originates from
the CA3 it seems reasonable to assume that this projection has largely
degenerated in ME7 but is partially intact in 22L and 79A. However we
do not observe obvious loss of CA3 pyramidal neurons and we have ob-
served that the mossy fibre projection from the dentate gyrus to the CA3
is intact even at terminal stages of disease. Since there is a clear differ-
ence between the strains on CA1 synapse loss but no clear difference
on early behavioural tasks we propose that the behavioural impairments
in our studies do not result from loss of CA3 projections but from some
other projection to the CA1. The activity of the pyramidal cells of CA1 is
also regulated by the inhibitory GABAergic hippocampal interneurons,
the cholinergic input from the medial septum, and the serotonergic input
from the raphe nucleus, among others and the current approach sug-
gests that these projections to the hippocampus should be examined
as candidates to explain the convergence of hippocampal behavioural
symptoms despite widely divergent overall hippocampal pathology in
these strains.

What was most striking and less variable between strains was neu-
ronal loss in the thalamus. There was severe neuronal death observed
in the thalamus of all four strains. This loss was particularly consistent in
the posterior thalamic nuclei and the ventroposterior nuclei (>50%). Ex-
amples of this are shown in Figure 5.2. The neurons of this region may
constitute a group that is more susceptible to prion-associated neuronal
death and certainly represents the area of most obvious overlap be-
tween the 4 strains studied so far by our selves. This area has also been
reported to be affected in the 87V, 139A and 22C strains, on the basis
of vacuolation and astrocytosis5,48 but neuronal death in this region has
been the subject of very little discussion. This is particularly surprising
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Figure 5.2. NeuN staining demonstrating clear neuronal loss in the thalamus of ME7,
79A and 22L inoculated animals. Approximate regions of the thalamus are depicted on
the ME7 panel as follows: dLGN, dorsal lateral geniculate nucleus; LP, lateroposterior
nuclei (mediorostral and laterorostral); VP, ventroposterior nuclei (ventroposterolateral
and ventroposteromedial); Po, posterior thalamic group.

given that severe thalamic pathology is widely reported in human forms
of prion disease (see below).

The thalamus is a highly complex region of the brain that is not well
understood. A detailed discussion of its many functions and the conse-
quences of dysfunction is beyond the scope of this chapter, but some
aspects of its function that could be involved in behavioural changes
and clinical symptoms will be considered. The thalamus is a major link
between the external world and the cortex. It receives afferents from
spinal pathways to the ventroposterior nucleus (touch, pain, movement,
temperature), and cerebellothalamic tracts from the deep cerebellar
dentate nucleus to the ventral anterior and ventrolateral thalamus. Thus,
dysfunction in thalamic areas could underlie positive and negative sen-
sory symptoms such as paraesthesia, pain or numbness that are often
seen in vCJD and other prion diseases49. Since severe deficits, such
as tremor and ataxia, are caused by lesions to the dentate nucleus, the
loss of its projection areas in the thalamus may also have a role in the
motor coordination problems ultimately experienced by most patients
with prion diseases. The cerebellar dentate nucleus shows severe mi-
croglial activation in all four strains we have examined and this may ex-
plain the similar dysfunction on typical cerebellar tasks despite marked
differences in pathology in the purkinje and granule cell layer47.

In addition to sensory and motor functions, there is considerable
reciprocity in connections between the thalamus and cortex and con-
sequently the thalamus also has an integrative role in higher mental
function. Thalamic infarcts and space-occupying lesions in humans are
known to cause multiple cognitive and emotional impairments as well as
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the more traditional sensory and motor disturbances (see50 for review).
Despite the potentially wide-ranging effects of thalamic degeneration,
this has been little studied in prion diseases. Recent interest in thalamic
involvement in vCJD has been driven by the discovery of the “Pulvinar
sign”, which has become one the key diagnostic aids in vCJD41: most
vCJD patients display a characteristic distribution of symmetrical T2 hy-
perintensity of the pulvinar (posterior) nucleus on MRI imaging in the
axial plane. This hyperintensity correlates best with gliosis in humans51

and in animal models52, but widespread neuronal loss is observed in
these patients at post-mortem. These nuclei are highly developed in the
human brain but are absent or very much reduced in rodents. Sporadic
CJD also shows MRI abnormalities in the posterior thalamus53,54, but
concomitant striatal MRI abnormalities distinguish this signature from
that of vCJD. In FFI, the neuropathological change common to all cases
is severe degeneration of the anteroventral and mediodorsal thalamic
nuclei55. These nuclei may show up to 90% loss56. Clinically, the key
aspects of FFI are inability to generate EEG sleep patterns and sym-
pathetic autonomic nervous system hyperactivity leading to autonomic
dysfunction (which is also a key feature of late stage disease in mouse-
adapted scrapie). The damaged nuclei constitute the limbic part of the
thalamus and interconnect limbic and paralimbic cortex with the hy-
pothalamus, which appears to become dysfunctional upon release from
cortical control.

It is important to note that the medial and anterior thalamic (limbic
thalamus), but not the pulvinar show pathology in FFI and in thalamic
variant sporadic CJD, whereas the posterior and ventral thalamic nuclei
are lost in vCJD, with sparing of the medial and anterior nuclei. Therefore
one cannot generalise about the thalamus as a point of convergence in
prion disease progression. However, it is clear that loss of thalamic neu-
rons may produce significant loss of connectivity and can have effects
on sensory, motor, cognitive, emotional and autonomic functions. This
short treatment of the thalamus provides more questions than answers,
but thalamic pathology has been documented in man and observed but
largely neglected in murine models and it may be very informative to
examine this aspect of pathology in more detail. The implication of the
thalamus in some of the clinical phenotypes discussed above demon-
strates that there are many different neuroanatomical routes to the same
behavioural or clinical deficit, and emphasizes that at late stages of prion
disease it is difficult to relate neuropathology to symptomology. In the
approach described here, by identifying the earliest behavioural alter-
ations in mouse models we hope to uncover the specific pathologies
that underlie them.
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5.8. The use of behaviour to assess disease
progression/therapeutic intervention

Finally, it is useful to consider the use of behaviour as a read-out of
disease progression. Monitoring the development of simple, sensitive,
reproducible, and objective measures of disease progression is a pow-
erful means of non-invasively assessing therapeutic intervention and/or
gene deletion studies. A large battery of genes have been mutated or
deleted in attempts to identify key genes in prion disease pathogene-
sis. While these studies have revealed some key events in peripheral
pathogenesis after intraperitoneal injection, very few gene manipula-
tions have produced anything but the mildest of effects on disease in-
cubation time or time to death after intracerebral inoculation. Genes
identified as affecting disease incubation time include complement pro-
teins (2 weeks longer)57 and CD-40 (40 days shorter)58. While these
studies are judged to implicate the genes in question in pathogenesis
or protection, judgement on the basis of increasing survival time, may
do no more than prolong later stages of the disease, which in a human
context is obviously undesirable. In short, death is not a good readout
of disease progression. We have some evidence for this assertion on
the basis of studies in our laboratory with macrophage chemoattractant
protein 1. This protein is involved in macrophage/microglial activation
and chemotaxis. The deletion of this gene had no impact on any of the
early behavioural changes but delayed the appearance of the late stage
clinical signs by 3-4 weeks (Felton et al., manuscript submitted). This
suggests that the gene has no involvement in the progression of disease
per se, but has an inhibitory effect on some aspect of late stage disease.
It is of note that when mice begin to show urinary incontinence in the
late stages of disease they usually develop inflammation of the genital
area and this peripheral inflammation alone is sufficient to produce the
general appearance of sickness. Interference with this process through
anti-inflammatory therapy or deletion of key inflammatory genes may
lead to confusing signals about the disease status of the animal. The
monitoring of specific disease-associated behaviours is a more satis-
factory way of assessing this.

We have also used anti-inflammatory drugs in an attempt to assess
the role of inflammation in prion disease progression. We have previ-
ously used the steroidal anti-inflammatory drug dapsone to show that,
despite earlier reports that it increases survival time59, this drug has no
effect whatsoever on the development of behavioural impairments9. We
have now administered the anti-inflammatory drug nimesulide (a cyclo-
oxygenase 2 inhibitor) in the food pellets (approximately 7.5 mg/day) and
monitored disease progression using behavioural testing. As is shown



Mouse Behavioural Studies and Prion Diseases 131

Figure 5.3. Development of early prion-associated behavioural impairments in ani-
mals treated with the cyclooxygenase-2 inhibitor nimesulide from 12 weeks into disease
progression.

in Figure 5.3, this drug also had no effect on the development of the pre-
viously described prion-associated behavioural impairments. We have
observed similar effects with the anti-inflammatory drug indomethacin
and these data provide further evidence that inflammation does not have
a key role in the progression of murine-adapted scrapie.

This method should become a crucial tool in assessing some of the
emerging potential treatments for prion diseases. Potential therapeutic
agents such as tetrapyrroles, sulphated glycans, branched polyamines
and anti-PrP monoclonal antibodies60−63, have mostly been selected
on the basis of their slowing or halting the conversion of PrPc to PrPSc

in vitro systems (see64 for review), and some of these treatments have
also been found to be beneficial in animal models of disease61. However,
whether they have any major impact on the progression of prion disease
is best assessed in an animal model with clear behavioural readouts.
Such an approach would also be an addition to the conditional PrPc

knockout study of Mallucci et al.65. This study shows that spongiosis is
reversed and neuronal death is prevented upon PrPc knockout halfway
through disease progression and one would like to know whether these
animals also show a halt or indeed a reversal of behavioural symptoms.

5.9. Conclusion

The behavioural studies discussed here illustrate that alterations in
activity, reward-seeking behaviours and cognition in murine prion dis-
eases parallel many of the early affective and cognitive changes in
human prion diseases such as vCJD. The generality of this sequence of
behavioural changes in our strain studies highlights the utility of these
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tests as a tool in the assessment of therapeutic strategies in prion dis-
eases. In addition the common behavioural impairments observed be-
tween multiple prion strains with distinct neuropathologies suggest that a
common early neurodegenerative pathway may underlie these changes.
Such a common pathway has the potential to lead researchers to the
hypothetical “clinical target areas” proposed by Kimberlin66.
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6.1. Introduction

Recording the electrical activity of the nervous system in both health
and disease has a long and distinguished pedigree going back to Luigi
Galvani in 17911, whose bold and contentious experiments on animal
electricity led to the modern science of electrophysiology. The discovery
that electrical activity could be recorded from the animal brain was made
a century later in 1875 by Richard Caton, whose feeble currents of the
brain were incredibly, discovered at least half a century before the advent
of electrical amplification2. This electrical activity is what we now know
as the electroencephalogram (EEG), a term coined by Hans Berger
while working on human heads in Jena in the 1920s. Berger was also
the first to suggest that the EEG could be used for clinical diagnosis and
was the first to record the high amplitude synchronous electrical activity
associated with epileptic seizures in the human brain 3. Even at this
early state of the art, distinctions could be seen between focal damage
to the brain surface and more widespread activity inferred to be projected
from subcortical, diencephalic structures. Today, analysis of the EEG is
routinely used in the diagnosis of many neurological conditions, often
in conjunction with a variety of brain imaging methodologies. In a few
cases of focal damage, where the lesion is invisible to current imaging
methodologies, detailed EEG analysis is still the only way of securing
an initial diagnosis. An excellent account of early electrophysiological
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Figure 6.1. Multi-electrode EEG recorded from a patient with sporadic CJD showing
periodic synchronous wave discharges across a wide area of cortex.

history can be found in Mary Brazier’s delightful book, The Electrical
Activity of the Nervous System4.

One area where the EEG plays an essential part of the diagnosis is
in cases of sporadic Creutzfeldt-Jakob disease. Classically, the normal
EEG patterns gradually disappear and are replaced with widespread
bilateral synchronous spike-wave discharges with a periodicity of 1 to
2 second as shown in Figure 6.1. This activity does not constitute a
definitive diagnosis, nor does the absence of these periodic discharges
necessarily rule out a diagnosis of sCJD, so the use of the EEG must
be used in conjunction with other methods of assessment, including an
MRI scan and currently, the abnormal appearance of 14-3-3 proteins
in the CSF. Interestingly, the appearance of synchronized discharges
in the EEG is not a diagnostic feature of new variant CJD and just to
complicate matters, the following conditions sometimes also present
with similar EEG abnormalities: Alzheimer’s disease, multiple cerebral
abscesses, metabolic encephalopathy, certain toxic encephalopathies
(e.g. lithium), anoxic encephalopathy, progressive multifocal leucoen-
cephalopathy, Lewy body disease5.

Moving away from the EEG, many other, often much more sophis-
ticated electrophysiological methods have been used in the study of
neurodegeneration. In the field of basal ganglia disease for example,
electrophysiology has been crucial in laying a foundation for understand-
ing the basic anatomy and physiology of a complex set of inter-related
brain areas with complex and often unexpected interactions. The most
important of these discoveries was that the circuits linking the various
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anatomical players in this complex map worked by long axon neurons
which inhibited their targets rather than facilitating them as was previ-
ously supposed. Control of neuronal circuitry in and around the basal
ganglia is achieved largely through a process known as disinhibition,
discovered by painstaking electrophysiological studies using single unit
recording and electrical stimulation along with the infusion of pharmaco-
logical agents into some nuclei while recording from others6,7. Further
electrophysiological studies from all of the basal ganglia and related
nuclei, together with studies using 2-deoxyglucose allowed the devel-
opment of a model of basal ganglia function that went a long way to
clarifying our understanding not only of the normal functioning of these
structures but also how their connectivity and activity was altered in
hypo- and hyperkinetic diseases such as Parkinsonism and Hunting-
ton’s chorea8,9. This model stood relatively unchallenged for about a
decade and is now undergoing subtle revision in order to explain some
of the more difficult anomalies that have arisen since its proposal, such
as the paradoxical increased firing of subthalamic neurons in MPTP
models of Parkinson’s disease and the unexpected ameliorating effect
of subthalamic stimulation on the condition10,11. So, although the original
model may have been a shade too simplistic it has however proved to be
immensely useful in devising extremely useful surgical interventions for
Parkinson’s disease, even if we don’t yet understand all the fine print12.

6.2. Methodologies

There are many ways of doing electrophysiology and most of them
have been used in one way or another to study prion diseases. As men-
tioned in the introductory section, sCJD is usually associated with parox-
ysmal discharges in the EEG. The EEG is an excellent way of obtaining a
lot of information very quickly on how entire populations of neurones are
behaving, since the technique uses large electrodes, normally placed
on the surface of the skull, which record the extracellular fields and
population spikes generated by ionic currents flowing around and be-
tween individual neurones. The technique can be enhanced by making
recordings from the surface of the cortex itself or better still by recording
from different depths within the cortex when it becomes possible to plot
the lines of current flow and make accurate predictions about current
sources and sinks within the tissue, providing detailed knowledge about
how the entire population of recorded neurones is behaving. The use of
extracellular field potential recording following afferent or efferent elec-
trical stimulation is a natural extension of EEG recording and has been
used extensively to study neurodegenerative processes, particularly in
the rodent hippocampus.
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Figure 6.2. A. Schematic diagram of basal ganglia circuitry. All black neurones are
GABAergic inhibitory neurones and the grey subthalamic neurones are glutamatergic
excitatory connections. B. Typical extracellular pathway mapping electrophysiological
recordings, in this case used to identify the GABAergic inhibitory nature of the nigrotha-
lamic pathway in an anaesthetised rat. bc-brachium conjunctivum, sn - substantia nigra,
bmc—bicuculline methyl chloride.

This kind of recording is very useful in giving information about the
behaviour of many neurones but divulges little information about the indi-
vidual neurones involved. To obtain more detailed information about indi-
vidual neurones, electrophysiologists resort to recording from individual
neurones, either extracellularly or intracellularly. Extracellular recording
can provide information about synaptic field potentials and how fast a
given neuron is firing, either spontaneously, or in response to a stim-
ulus and many sophisticated computational methods are available for
analysing this kind of information. This type of recording was used ex-
tensively for determining the inhibitory and disinhibitory nature of many
neuronal projections within the basal ganglia circuitry discussed above
and some typical examples are shown in Figure 6.2B.

More recently electrophysiologists have turned to using intracellular
recordings from in vitro preparations, either of slices of whole brain tis-
sue or from cultures of isolated cells, using either sharp or patch micro-
electrodes. This allows the experimenter to sample the membrane prop-
erties of individual neurones with the ability regulate membrane potential
and the ionic composition of the cell under study and its immediate envi-
ronment. By careful manipulation of extracellular and intracellular envi-
ronments in combination with fluorescent dyes it is now possible to ob-
tain a bewildering variety of data from individual neurones, populations
of neurones and even individual ion channels. Recent developments
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have facilitated the combined use of electrophysiological recording and
cellular imaging of individual ion concentrations and fluxes and even the
use of PCR to monitor transcriptional levels following the sucking out of
cellular contents via the patch electrode. An intriguing very recent devel-
opment is the use of electrophysiology in combination with line-scanning
confocal imaging of intracellular calcium levels to measure stochastic
process at individual synaptic boutons terminaux. In view of the contro-
versies surrounding the role of prion proteins in events at synapses this
particular technique in combination with intracellular ion manipulations
may well be the type of technique that finally allows us to answer some
of the current enigmas in this field.

6.3. Studies on in scrapie-infected tissue and cells

Very few electrophysiological studies have been carried out on scrapie
infected tissue and those that do exist, suggest little uniformity in the
pathophysiology of different scrapie experimental models. The first study
was conducted using the well-known short incubation hamster model by
the group of Professor Jefferys at the University of Birmingham14. They
were able to show cortical paroxysmal discharges very similar to those
routinely observed in cases of human sCJD. This lead the authors to sup-
pose that they were on the right track of electrophysiological indicators
that might be relevant to this family of diseases. Intracellular record-
ings from individual neurones in both the neocortex and the hippocam-
pus of the infected hamsters revealed a series of changes that might
underlie the paroxysmal EEG. The most noticeable of these changes
were action potential broadening, which was reversed by an inhibitor
of voltage-gated calcium channels, and the attenuation of potassium
conductances associated with spike repolarisation and after hyperpo-
larisation. These observations were important and set a marker for later
studies on scrapie and PrP-null animal models, many of which have re-
vealed impairment of cellular calcium regulation and calcium-associated
potassium channels.

A series of studies in our own lab has used a different scrapie model,
namely ME7 scrapie infected mice in which there was previously well
documented evidence of hippocampal sclerosis including almost com-
plete loss of CA1 pyramidal cells15. Recordings made exclusively from
hippocampal pyramidal cells, documented a series of physiological mor-
phological changes that correlated well with the known progression of
the disease16−19. The most obvious and consistent change to the physi-
ology of CA1 pyramidal cells in the scrapie infected animals was a large
increase in membrane input resistance. This near doubling of mem-
brane resistance was a very robust finding and was observed in several
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Figure 6.3. Combined electrophysiology and confocal microscopy of synaptic spines in
the mouse hippocampus before and after induction of LTP. Upper image series; confocal
image and line scans before and after LTP induction; middle traces; sharp electrode
recordings of membrane voltage; lower traces are the changes in intracellular calcium
levels to pairs of pre-synaptic pulses13.

different series of experiments spread over a five year period. Morpho-
logical examination of some of the recorded neurones revealed that as
the disease progressed there was a gradual reduction in the number
of dendritic spines, leading to an almost 50% reduction in cell surface
area which correlated well with the doubling of membrane resistance
and in the absence of any alteration in membrane time constant was
clearly the anatomical substrate underlying the observed physiological
change. These changes can easily be seen in the physiological record-
ings presented in Figure 6.4B and the micrographs shown in Figure 6.5C
and D.

The dendritic spines of most central system neurones are the major
site of afferent input so the loss of the majority of these spines represents
a major insult to the ability of the cell to function as an integrative unit. The
physiological consequence of massive spine loss would be expected
to be a large attenuation of synaptic potentials, both spontaneous and
evoked by stimulation of afferent pathways. Such a loss was seen in all of
our studies with this model and was noticed first as a gradual reduction
in the amplitude of the field potential generated by stimulation of the
Schaffer collateral pathway. As shown in Figure 6.3D, the field potential
disappeared completely towards the expected end of the incubation
period indicating an almost total loss of this particular input onto the
cells.

In a later study we wondered if the well known enhancement of synap-
tic efficacy known as Long Term Potentiation (LTP) might be affected by
the disease. We evoked LTP in these experiments by using the well tried
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Figure 6.4. Composite diagram illustrating the changes in hippocampal pyramidal cells
in scrapie infected mice. A) Camera Lucida drawings of hippocampal pyramidal cells in
control (black) and scrapie infected (blue) animals. Intracellular recordings from these
two cells shown in B, are of complex electrophysiological protocols involving a series of
inward and outward current pulses applied through the recording microelectrode and
the simultaneous application of a stimulus pulse to an electrode placed in the Schaffer
collateral afferent pathway. Identical stimulation protocols were applied to both cells.
Note the 2-fold increase in membrane resistance and the attenuation of both EPSPs
and IPSPs evoked by the afferent stimulation in cells from the scrapie-infected animals.
The inset below B, shows 2 traces extracted from the complex recordings shown above
to illustrate more clearly the attenuation of the EPSP and IPSPs evoked by the stimulus.
C) shows intracellular recordings of spontaneous activity in hippocampal pyramidal cells
from control and scrapie infected mice. Note the increased bursting activity in cells from
the scrapie infected animals. D) shows recordings of extracellular field potentials from the
CA1 Stratum Radiatum following Schaffer collateral stimulation in the hippocampus of
control mice and at two stages during the incubation period of the disease. All of these
data were obtained from recordings made from hippocampal brain slices maintained
in vitro.
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Figure 6.5. Morphology of the ME7 model. A) and B) show the distribution of disease-
specific PrP in the mouse hippocampus at 70dpi (28%IP) and in a terminally infected
mouse. C) and D) show light micrographs of biocytin-filled hippocampal pyramidal cell
dendrites in the neuropil of the Stratum Radiatum of the hippocampus in control (C) and
scrapie infected (D) mice. Note the loss of dendritic spines in the scrapie-infected cell
(D). E) and F) are electron micrographs of hippocampal neuropil at 155dpi (62%IP) and
180dpi (72%IP) showing degenerate axon terminals and disordered neuropil.

method of applying a one second conditioning burst of pulses at 100Hz
and continually monitoring the size of the subsequent synaptic potentials
evoked by a standard test pulse. As shown in Figure 6.6, no changes in
synaptic plasticity were detectable at around 80 days into the incubation
period but LTP had virtually disappeared 40 days later. The same stimu-
lus protocol only evoked Short Term Potentiation (STP). The loss of LTP
was first detectable at around 100 days into the incubation period, which
correlates beautifully with our parallel morphological study that demon-
strated clear evidence of synapse loss at around the same time. The
synapse loss shows a gradual decline over the incubation period and
correlates well with the accumulation of disease-specific PrP and ap-
pearance of degenerating axon terminals16 (Figure 6.5). It is worth not-
ing that this was a complete loss of LTP rather than a change in threshold
since repeated series of conditioning trains of pulses at increasing in-
tensity or duration failed to evoke LTP. This is well illustrated in Figure
6.6B, where only STP is evoked by two separate conditioning trains.
The relationship of this pathophysiological observation to the presence
or absence of PrP will be discussed in the next section, although it might
be helpful here to refer to Figure 6.10A and B which beautifully demon-
strate the location of PrP in synapses in the hippocampal neuropil and
not in the region of pyramidal cell bodies.
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Figure 6.6. Loss of LTP in the CA1 region of ME7 scrapie infected CVF1 mice. A
and B show the combined data from several experiments on control and scrapie-
infected hippocampal slices at approximately one third (80-85dpi) and just over half
way (125-130dpi) through the incubation period. C Shows the combined results of
4 experiments on scrapie-infected slices in which a second tetanus was applied at
twice the stimulus strength used for the test pulses and the first tetanus. The second,
larger tetanus still failed to induce LTP. D shows the gradual loss of LTP over the incu-
bation period observed in two sets of experiments expressed as a percentage of the
total number of animals in the individual groups. In all graphs, control data are plotted
as filled circles or bars and experimental data are plotted as open circles or bars.

The attenuation of LTP and the loss of the field potential is well sup-
ported by data obtained during our intracellular recordings. The record-
ings shown in Figure 6.3 used a complex protocol in which stimulus
pulses were applied to the Schaffer collateral pathway while simulta-
neously passing a series of hyperpolarising and depolarising pulses
through the recording microelectrode (Figure 6.3B). Stimulation of this
pathway evokes a complex response involving feed-back and feed-
forward inhibition as well as direct synaptic excitation of the cell. As well
as the obvious increase in membrane resistance, it is clear from these
recordings that both the inhibitory and excitatory synaptic potentials
evoked by Schaffer collateral stimulation are massively attenuated in the
cell recorded from the scrapie infected animal. Because of the complex-
ity of the local circuitry this could have several explanations, the most
likely of which is that direct excitatory synapses are lost because the
dendritic spines are lost through deafferentation. The inhibitory synap-
tic potentials are lost both through direct deafferentation of the primary
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Figure 6.7. The effect of scrapie-infection on electrophysiological properties related to
potassium currents in CA1 pyramidal cells. A shows superimposed action potentials from
control (grey) and scrapie-infected (black) cells. The spike decay time is much shorter in
the scrapie-infected cell and the fast and medium AHPs are much deeper fAHP, mAHP).
B shows superimposed recordings from control (grey) and scrapie-infected (black) slices
and demonstrates the loss of the slow AHP that normally prevents repetitive firing of
calcium spikes in this preparation treated with TTX and TEA. Note that as well as per-
mitting repetitive firing, scrapie infection has also removed the afterhyperpolarisation
following the depolarising current pulse. C shows the effects of adding 1µM TTX and
10mM TEA on the resting membrane potential in control and scrapie-infected mice. As-
terisk denotes a significant difference between data sets (Student’s t test, P < 0.05).
SVF1 mice injected with normal brain homogenate of 301V scrapie.

recorded neuron but also because of excitatory deafferentation of the
feed-back and feed-forward local inhibitory interneurones.

One other feature noticeable in Figure 6.3 is the alteration to the
shape of the action potential wave forms in the cells from scrapie in-
fected animals. The small negative afterhyperpolarising deflections im-
mediately following the action potentials appear to be larger. This change
of waveform was confirmed by a careful analysis of many action poten-
tials from the two experimental groups, where it was shown that the
fast and medium components of the AHP in the scrapie infected ani-
mals were larger than in control animals. This is illustrated in Figure 6.7,
which also illustrates the complete loss of a much slower late AHP which
normally prevents repetitive firing in scrapie infected animals. In this par-
ticular example, the recording was made from a preparation treated with
TTX to inhibit sodium currents, so that the wide action potential shown
are generated by calcium ions entering the cell via voltage gated cal-
cium channels. The histogram in Figure 6.7C shows one further change
noted in scrapie infected animals, namely that the membrane poten-
tial recorded in CA1 pyramidal cells was slightly depolarised, possibly
indicating attenuation of a leak potassium current such a Im.

In the only other comprehensive study carried out on hippocampal
cells in scrapie infected animals, the alteration of afterhyperpolarising
potentials was the only observed difference between cells from scrapie
infected and control animals20. This may at first seem a curious result
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when considered in the light of the comprehensive series of changes
discussed above but when considered with the knowledge that virtually
all different combinations of scrapie strain and animal genotype produce
different patterns of neuropathology and disease incubation period. In
fact, these are the two parameters that define scrapie strain. Several
distinct strains of sheep scrapie are known and these have been of
immense use in the study of this group of diseases. The combination
of specific strains of scrapie with particular mouse Sinc genotypes pro-
duces a variety of clearly distinguishable pathological profiles. In some
scrapie models the hippocampus remains unaffected while in others,
hippocampal pathology can vary from vacuolation alone to a total loss
of pyramidal cells accompanied by extensive tissue shrinkage and glio-
sis. The 22A strain induces none of the sclerosis and vacuolation seen
with the ME7 agent. The bottom line of this story is that all scrapie
strain/animal combinations are different and in planed investigation of
cellular pathophysiology in scrapie, it is important to choose a model
in which it is known that the cells you wish to study are damaged or
lost in the disease since it would be possible to waste years of valuable
research time investigating something where actually no any significant
changes should be expected

However, having said that, our own laboratory carried out a study on
the lateral geniculate nucleus of mice in which one eye had been inocu-
lated with scrapie in a well known and much investigated animal model
where retinal electrophysiological changes had previously been docu-
mented. To our great surprise we found no electrophysiological changes
other than the fact that as the disease progressed, LGN relay neurones
became harder to locate with our microelectrodes, even for extracellular
recording (Figure 6.8)21. This, in spite of the fact the LGN undergoes
profound pathological change and neurone loss in this model22,23. It
appears from this data that the cells simply died without showing any
detectable pathophysiological changes. However this is extremely un-
likely, if impossible and probably reflects the lack of suitable techniques
for picking up very subtle pathophysiological changes. Also it is worth
noting that neither in the LGN model nor the hippocampal model used
in our laboratory was there any sign of paroxysmal activity observed,
mirroring the presence of paroxysmal activity in vCJD and it’s absence
in sCJD. This again emphasises the importance of not assuming that all
spongiform encephalopathies (SEs) are the same.

To summarise this section; in an experimental model of scrapie in
which electrophysiological recordings were made from neurones with a
previously known and clearly demonstrable pathology, profound phys-
iological changes preceded cell death. These changes included loss
of measurable afferent inputs, reduced membrane potential, increased
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Figure 6.8. Examples of current-voltage experiments from the dLGN of control and
scrapie infected mice. A and B show responses of thalamic relay cells to depolaris-
ing and hyperpolarising current pulses delivered from holding potentials of –55 and
–70 mV respectively. C, D, and E show histograms of properties of the optic tract evoked
maximal EPSP in dLGN relay cells at various points throughout the incubation period.
No changes were detectable in any parameters of these cells recorded from control and
scrapie infected slices. Experimental animals were C57BL mice injected intraocularly
with ME7 scrapie or normal brain homogenate. The time course for this particular model
was approximately 240–250 days and all recordings shown here are from terminally
infected animals and age-matched controls.

membrane resistance and associated alterations in the activity of
voltage-gated potassium and calcium-activated potassium channels.
These changes resulted in the loss of cell functionality as expressed
for example by the attenuation and eventual loss of LTP and are a clear
substrate for circuit malfunction and abnormal behaviours associated
with SEs. The particular model chosen and described has clearly set a
gold standard for studies of this kind and is absolutely ideal for studies
of scrapie neuropathology and pathophysiology.

6.4. Studies on PrP-depleted tissues and cells

6.4.1. Synaptic Properties

In an attempt to discover the elusive function of PrP, several different
physiological approaches have been used to study the effect of life with-
out PrP. This has invariably involved the use of genetically engineered
mice in which the PrP gene has either been compromised or ablated
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using a number of different methodologies24−27. These mice do not nor-
mally become infected when challenged with intracerebral inoculations
of scrapie infected brain suggesting that PrP is essential for SE disease
to occur24,28.

In a first, well quoted study, Collinge et al, studied LTP in the hip-
pocampus of PrP-null mice and reported a significant reduction of LTP
in the CA3-CA1 pathway29. They also demonstrated a loss of functional
GABAA-mediated synaptic transmission, which they concluded was re-
sponsible for the loss of LTP according to the metaplasticity argument
originally proposed by Coan et al.30. This suggested that the prior history
of activation of the relevant sub-set of NMDA receptors was important in
determining whether a particular stimulus pattern would generate LTP.
The result suggested that PrP was necessary for normal synaptic trans-
mission to occur at the hippocampal synapses under investigation. This
group went on to successfully rescue this phenotype by the insertion of
multiple copies of human transgene encoding PrP into their experimental
mice31.

Figure 6.9. LTP is attenuated in aged PrP-null mice. Part A shows data from in vitro
LTP experiments performed on slices from neonatal mice). No differences were seen in
hippocampal LTP between juvenile PrP-null and WT mice. Part B shows data from in
vitro LTP experiments performed on slices from aged mice. In this series of experiments
there was a clear attenuation of PTP/LTP in the PrP-null mice compared with WT mice.
Part C shows the data from paired pulse experiments carried out on these older animals.
There was no difference between the two groups. Part D shows Figure 9B re-drawn on
an expanded scale to show in more detail the relative amplitudes of the initial PTP in null
and WT animals. PTP is clearly attenuated in the PrP-null mice (ANOVA, P < 0.001).
Graphs show mean values ± standard error of the mean. Arrows indicate the point of
application of conditioning stimuli).



152 MacLeod, Johnston and Curtis

Several laboratories have tried to repeat these experiments with
mixed success. Attempts using the same C57BL/129 PrP knockout
mouse used in the Collinge experiments were unsuccessful, revealing
no changes in LTP or in GABAA receptor-mediated currents,32. In a de-
tailed patch clamp analysis of synaptic transmission in cerebellar Purk-
inje cells, Herms et al were unable to detect any differences in either
spontaneous GABAA inhibitory post synaptic currents or in climbing fibre
evoked excitatory post-synaptic currents between PrP-null and control
animals using the same PrP-null construction as the Collinge group28,33.
Experiments in our own laboratory using an in-bred Ola 129 PrP knock-
out mouse were able to reproduce the loss of CA1 LTP very convincingly,
both in PrP−/− and PrP +/− mice24,34. These data show a marked simi-
larity with our LTP experiments in scrapie-infected mice and suggested
that there might be a relationship between the ability of PrPC to function
normally and the presence of rapidly increasing levels of PrPSc. The sit-
uation became even more complicated when further experiments in our
laboratory on the same line of 129 Ola knockout mice have failed to re-
peat this observation in either young adult or juvenile mice either in vitro
or in vivo. However, a further recent series of experiments from our own
lab has helped to shed some light on the problem. In these experiments
on mice aged over 12 months, a clear attenuation of LTP was demon-
strated, including a large reduction in the post-tetanic potentiation phase
of the experiments. Both these sets of data were recently published to-
gether and are illustrated in Figures 6.935. No changes were noticed
in the short-term form of plasticity known as Paired Pulse Facilitation
(PPF) at these synapses in young adult or aged PrP-null mice which
could be taken as confirming that these observations in older animals
reflect a compromise of post-synaptic events. The compromise of PTP
suggests otherwise. Like PPF, PTP is a phenomenon associated with
the elevation of pre-synaptic intracellular calcium levels but unlike PPF,
the slower PTP is dependent upon the slow release of calcium stored in
mitochondria present in the pre-synaptic boutons36. This is potentially a
particularly important observation in light of the recent report that a high
proportion of mitochondria in young adult PrP-null mice have abnormal
morphology, being swollen with fewer cristae37.

Carleton et al have recently investigated synaptic transmission in the
mouse hippocampus of PrP-null mice using plots of input-output curves
of the Schaffer collateral evoked field potential demonstrated a facili-
tation of transmission in the CA3-CA1 pathway, which appeared to be
dependent on gene dosage38. This observation differs from our own ex-
periments on the input-output properties of the CA1 field EPSP in which
we failed to detect a change, possibly as a result of the well-known dif-
ficulty associated with making accurate measurements of fibre volley
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amplitudes from field potential recordings34. However, a more recent
series of experiments in our laboratory has been able to confirm the
Carleton result, indicating indeed that there is facilitation of excitability
in the CA3-CA1 pathway (Patterson, Curtis and MacLeod in prepara-
tion).

6.4.2. Intrinsic membrane properties of central
neurones

Several studies have reported on the intrinsic properties of CA1 pyra-
midal cells in PrP-null mice29,39,40. Most of the biophysical properties of
the neurones in PrP-null animals have been shown to be indistinguish-
able from cells in control animals. However, Colling et al were able to
demonstrate a disruption in calcium-activated potassium currents that
resulted in the abolition of the fast CTX-sensitive AHP, generated by IC
and the late, slow AHP, generated by IAHP

40. These are the same two
potassium currents that we have shown to be disrupted in CA1 cells
by scrapie infection18,19. Another striking similarity of these results with
our scrapie work is the demonstration of a significant alteration in spike-
frequency accommodation in PrP-null mice, such that there is a signifi-
cant reduction in the number of action potentials evoked during the first
100 ms of a depolarising pulse. An almost identical pattern was seen
in the scrapie infected slices and adds to the idea that the enhanced
endocytotic cycling or accumulation of abnormal PrP may interfere with
the normal functioning of this molecule.

Results obtained with conventional gene knockout technology should
always be treated with caution because the absence of a particular se-
quence of DNA may inadvertently cause the up- or down-regulation of
other genes which may have a bearing on the function of the protein un-
der investigation or on the normal development of the animals. To try and
overcome this problem a technique has recently been developed using
a Cre-loxP system in which the knockout can be specifically targeted to
genes in the adult mouse41. Using this system to acutely knockout PrP,
the Collinge/Jeffreys group have conducted a further study of CA1 pyra-
midal cell intrinsic properties in which their results are much in line with
their previous study, revealing no changes in basic membrane proper-
ties other than an attenuation of the medium and slow AHPs following a
train of stimulus pulses delivered down the recording microelectrode42.

We have recently carried out a series of experiments in our laboratory
on the intrinsic membrane properties of CA1 pyramidal cells of 129 Ola
PrP-null mice and have been able to confirm that there appear to be
no differences between PrP-null and control mice. These experiments,
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using whole cell patch recording showed no detectable difference in
membrane potential, membrane resistance, membrane time constant,
action potential threshold. However, in contrast to both the Colling and
Mallucci studies were unable to confirm the loss of medium and slow
AHPs, or of spike frequency adaptation (Curtis and MacLeod, in prepa-
ration). The difference in our results and those of Collinge et al. might
possibly arise from the different PrP-null mouse used or the different
calcium buffering properties of whole cell patch electrodes which might
mask changes in calcium influx through voltage gated calcium channels.

6.4.3. PrP, calcium and copper

From the foregoing discussion it would seem that a consensus is
developing suggesting the absence of PrP has an effect on neuronal
calcium, some aspects of which are also altered in cells infected with
scrapie. In particular, calcium activated potassium currents have been
shown to be attenuated in the majority of published studies and the age-
related loss of LTP and PTP described above might well be related to
reduced mitochondrial calcium buffering35. Direct evidence that calcium
homeostasis was altered in PrP-deficient mice was obtained by Herms
et al, in which they measured residual calcium levels, depolarisation
induced calcium entry and performed direct patch clamp analysis of
voltage gated calcium channels in cerebellar Purkinje cells. They noted
reductions in basal calcium and in potassium depolarisation induced cal-
cium entry but no changes in voltage gated calcium currents43 although
it had been shown earlier that recombinant PrP elevated free calcium
in rat brain synaptosomes via calcium gated calcium channels44. In a
more recent study on voltage gated calcium channels in cerebellar gran-
ule cells prepared from wild type and PrP-null mice, Herms’ group have
convincingly demonstrated a nifedipine-reversible attenuation of voltage
gated calcium channels by recombinant PrP from mouse, bovine and
human which depends on the presence of the N-terminal octapeptide
repeat region of the protein45. Crucially, not only must the octapeptide
region be present but the expected four Cu(II) ions must be bound to
the protein for the full inhibitory effect to be seen. Clearly this effect
does not involve a direct interaction with membrane bound PrPCas it is
unaltered in PrP-null mice with no membrane bound PrP in contrast to
the observed toxicity of the PrP fragment, PrP106−126

46. This interesting
work followed on from an earlier study that had suggested that copper
might be an important factor in whatever functional role PrP played at
central synapses47−49. This in spite of an earlier study from this group
suggesting that PrP played no role in modulating neuronal excitability or
synaptic transmission in cerebellar Purkinje cells33.
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Figure 6.10. Light and electron micrographs to show the distribution of PrPC in the
neuropil of the hamster hippocampus. A is a light micrograph showing the distribution
of reaction PrPC revealed by ABC/DAB using 3F4 anti-PrP at a 1:5000 dilution. B is an
electron micrograph taken from the stratum oriens in tissue pre-incubated with 3F4 and
immunoreactivity revealed with DAB and counterstained with uranyl acetate. A DAB-
positive synaptic bouton is seen terminating on a clear, unstained dendritic spine. There
is an accumulation of fuzzy dark reaction product associated with the post-synaptic
density. Figure generously donated by Nicole Salès, Raymond Hassı̈g and Ken Moya.
Also see Salès, Rodolpho et al, 1998).

Is there evidence for a functional relationship between PrP, calcium
and copper? Several important pieces of circumstantial evidence cer-
tainly suggest that there may be and lead to the conclusion of PrP being
a multifunctional neuroprotective protein. In the central nervous system
PrP is localised in areas of neuropil in close association with synaptic
contacts between neurones50−52. In the rodent hippocampus, for ex-
ample, PrP immunoreactivity is not located in the cell bodies of the
principle neurones of the pyramidal cell layers and dentate gyrus but
in the Stratum Radiatum and Stratum Oriens, where it seems to be
localised to synaptic boutons (Figure 6.10). This rather specific localisa-
tion alone suggests that PrP may indeed play in role in synaptic function
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and suggestions have been made concerning possible roles in cell ad-
hesion, endocystosis and copper buffering/transport and free radical
dismutation and detoxification, all of which are important in ensuring
that synapses work correctly and efficiently. Of course, it should not be
forgotten that PrP exists in many other tissue types, where it may have
nothing to do with synaptic function but that is outside the scope of this
review53,54.

During intense synaptic activity the concentration of copper within the
synaptic cleft increases from around 15mM up to around 100mM as it is
released during synaptic activity55,56. Copper is a transition metal which
in its unbound, Cu(II) state is weakly oxidising, so the binding of Cu(II) to
PrP, immediately removing it from active neuropil, maybe one important
role, namely as a copper buffer57. Once bound to PrP, the copper ap-
pears to assume a role as a catalytic site for the dismutation of oxygen
radicals with the catalytic activity increasing with increasing numbers of
bound Cu(II) ions58,59. It has been estimated that PrP contributes around
10–15% of brain superoxide dismutase (SOD) activity60, although lo-
cally at synapses its contribution maybe much higher. Synapses are
metabolic powerhouses stuffed with mitochondria which are one of the
major sources of free radical generation in all organisms and have been
shown to be abnormal in PrP-null mice37. Another source of free radi-
cals at synapses might be PrP itself, since a product of the dismutation
reaction is hydrogen peroxide along with the reduction of Cu(II) to Cu(I),
which can in turn react with H2O2 in the Fenton reaction to generate
further free radicals. On balance however it appears that PrPC is neu-
roprotective since when copper-loaded it does protect cells against free
radical toxicity58 and cells devoid of PrP are more susceptible to oxida-
tive stress60. This idea is further supported by the reduced glutathione
reductase activity in PrP-null mice; interestingly the toxicity of copper is
greatly enhanced in cell cultures depleted of glutathione58,62. PrP has
a fairly rapid turn over and there is considerable evidence that bind-
ing of copper to PrP stimulates endocytosis at nerve terminals63. This
could be considered as a function in its own right, or as part of a mul-
titude of intimately related roles for a well conserved molecule that se-
questers copper, first for itself, then for any other molecule that currently
wants it.

What then are the possible links, if any, between voltage-gated cal-
cium channels, copper, free radicals and PrP? Is PrP the link between
calcium and copper buffering and protection against oxidative stress?
Intriguingly, copper is known to reduce the influx of calcium ions through
voltage gated calcium channels64 and so PrP may actually protect these
channels against the inhibitory action of copper and the absence of
PrP could therefore lead to attenuation of calcium channel activity and
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alterations in cellular calcium homeostasis. The same logic could ac-
count for the changes in calcium and calcium-activated potassium chan-
nels in SE infections due to an increased turn over of PrPC, PrPSc con-
version and consequent loss of function. Also, the same logic could
equally apply to the loss of protection against oxidative stress in PrP
null animals, especially older ones in which ROS protection is already
diminished by the natural aging process. In SEs the loss of this nor-
mal function as suggested above would leave synapses particularly
sensitive to free radical damage, reinforced by alterations in calcium
homeostasis.

6.5. Studies on other neurodegenerative conditions

There isn’t space in such a short article to do justice to the exten-
sive use of electrophysiological methods in the study of other neurode-
generative conditions. These include motoneurone disease, Alzheimer’s
disease, Huntington’s disease and Parkinson’s disease, where, as dis-
cussed above, it has been particularly helpful in understanding the basic
circuitry of the basal ganglia both in normal healthy individuals and in
disease. However, it seems appropriate here to consider briefly some of
the recent work on models of Alzheimer’s disease where extensive use
has been made of transgenic animals in which the expression of one or
more of the proteins whose activity is known to be altered in the human
disease has been increased or decreased. These include mice over-
expressing APP, Aβ, Presenilin, and tau. Because loss of memory is
one of the defining characteristics of the human disease, the use of LTP
as a measure of the likely success or failure of many of these models
has been particularly prevalent. An example of such a series of experi-
ments from our own laboratory is shown in Figure 6.11, which shows a
significant facilitation of LTP in aged transgenic rats engineered to over-
express the protein presenilin-I65. The result shown here is reminiscent
of our recent observations on PrP-null mice in that it is age-related, be-
ing expressed in aged animals and not younger ones, as is typical of
Alzheimer’s disease itself. Very similar data has been obtained inde-
pendently from several laboratories using PS1-over-expressing mouse
models66−69. All of this data and data obtained using other methodolo-
gies suggest that the enhanced LTP phenotype results from an elevation
in the storage and release of calcium from intracellular calcium stores
such as the endoplasmic reticulum67,70,71.

Currently, the most successful animal models of Alzheimer’s dis-
ease are transgenic mouse which over expresses a mutant form
of human amyloid precursor protein (APP)72,73. These mice develop
Alzheimer-type pathology and show age-related alterations in synaptic
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Figure 6.11. LTP recorded in slices from control (filled circles) and transgenic (open
circles) rats at (A) 6 months and (B) 18 months old. The Schaffer collaterals (A and
B) or perforant path (C and D) were conditioned at 30 and 90 minutes (arrows). (A)
LTP recorded from CA1 in slices from 6 month old transgenic rats was not significantly
different from that recorded in slices from control rats. (B) LTP recorded from CA1 in
slices from 18 month old transgenic rats was significantly greater than that recorded
in slices from wt rats (P = 0.003, ANOVA). (C) LTP recorded from DG in slices from 6
month old transgenic rats was not significantly different from that recorded in slices from
control rats. (D) LTP recorded from DG in slices from 18 month old transgenic rats was
not significantly greater than that recorded in slices from control rats.

transmission and synaptic plasticity, expressed as a loss or attenuation
of LTP in both CA1region and dentate gyrus of the hippocampus74−76.
Changes reported in hippocampal synaptic plasticity in these models
this far have not been entirely consistent. For example, the loss of LTP
observed in one set of experiments on younger animals being counter
intuitively regained as the animals aged 76. However, in general, as with
the SE-related models, electrophysiology has shown consistently that,
alterations in calcium homeostasis appear to lie at the heart of the patho-
physiology of these conditions, particularly alterations to calcium regula-
tion in the endoplasmic reticulum and the disruption of associated signal
transduction cascades77.
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6.6. Conclusions

Compared with genetic analysis and molecular biology, electrophys-
iology has played a relatively minor role in attempting to unravel the
pathology associated with various neurodegenerative conditions. How-
ever in combination with these two methodologies, electrophysiology
has provided and will continue to provide useful and pertinent informa-
tion towards the unravelling of neurodegenerative pathology, helping to
out together the pieces if a complex puzzle. Where there are clearly
targeted neurones, as in Parkinson’s disease, the extensive use of elec-
trophysiology has highlighted the crucial importance of disinhibition as
a concept in brain physiology and allowed an almost complete picture
to be built up of how the physiology of basal ganglia circuitry is sys-
tematically altered by the disease. Curiously, very little direct study on
the pathophysiology of degenerating dopaminergic neurones has been
carried out, so ironically we know less about this than we do about
what happens to hippocampal pyramidal cells when they are dying from
scrapie.

Much of the work discussed in this short review has concluded that al-
terations in calcium transport and homeostasis are central to the patho-
physiology of at least scrapie and Alzheimer’s disease. However, much
is still to be done and in particular, detailed studies employing combi-
nations of free radical spectroscopy, electrophysiology, cellular imaging
and single cell PCR applied to the roles of mitochondria and other cal-
cium buffering organelles may well find common ground between the
studies of Parkinson’s disease, Alzheimer’s disease and spongiform en-
cephalopathies as well as other conditions such as motoneurone dis-
ease (ALS) and Huntington’s disease. Experiments starting to use such
a wide ranging multidisciplinary approach are currently getting under-
way in our own laboratory. Only the future will tell how accurate this
prophecy will be.
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7.1. Introduction

Gene knockout technology using homologous recombination in em-
bryonic stem cells in mice has made it possible to investigate the phys-
iological functions of a huge number of genes. However, this targeting
strategy may alter the integrated complexity of the genome and affect
the expression of other genes located near the disrupted gene, thereby
profoundly modifying the specific phenotypes resulting from the inactiva-
tion of the gene of interest. This neighboring gene effect was strikingly
evident in the targeted disruption of the gene for a myogenic basic-
helix-loop-helix protein, MRF4, in mice1. Three lines of MRF4-null mice,
independently generated using different targeting strategies, exhibited
tremendously discrepant phenotypes, ranging from complete viability to
neonatal lethality, due to the different effects of strategies on the ex-
pression of the downstream Myf5 gene1. A similar neighborhood effect
mediated by an unusual mechanism of intergenic splicing was recently
demonstrated in the targeting of prion protein (PrP) gene, Prnp2,3.

The normal cellular isoform of PrP, designated PrPC, is a membrane
glycoprotein anchored by a glycosyl-phosphatidyl-inositol (GPI) moiety
and highly expressed in the central nervous system (CNS), particularly
in neurons, and to a lesser extent in other non-neuronal tissues including
the spleen, kidney, lung, and heart4,5. The structural conversion of PrPC
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into the pathogenic isoform, PrPSc, is known to be an essential process
in the pathogenesis of prion diseases, including prion propagation and
disease development6. Indeed, mice devoid of PrPC (Prnp0/0) were re-
sistant to the diseases, showing neither the accumulation of PrPSc nor
the propagation of prions in the brain7−10. In contrast, marked phenotypic
discrepancies were observed among different lines of Prnp0/0 mice,
some lines of the mice developing and growing normally but the others
exhibiting progressive ataxia and Purkinje cell degeneration sponta-
neously at old age11−13. It was recently determined that the downstream
gene, Prnd, encoding a PrP-like protein was ectopically overexpressed
in the brain of the latter lines of Prnp0/0 mice2,3.

7.2. Neurological phenotypes of mice devoid of PrP

7.2.1. Targeting strategies used in PrP-null mice

Prnp is located on human chromosome 20 and on mouse chromo-
some 25. Human and mouse Prnp consist of two and three exons,
respectively5. The PrP coding sequence is present only in the last single
exon in all species5.

The lines of Prnp0/0 mice reported so far have been generated using
different targeting strategies as shown in Figure 7.1. The first established

Figure 7.1. Configurations of the targeted Prnp alleles in different lines of Prnp0/0

mice. UTR, untranslational region; TK, thymidine kinase; neo, neomycin phosphotrans-
ferase; MT, metallothionein; PGK, phosphoglycerate kinase; HRPT, hypoxanthine phos-
phoribosyltransferase.



Prion Protein, Prion Protein-like Protein, and Neurodegeneration 169

line, Zrch I Prnp0/0, was generated by replacement of PrP codons 4-187
among a total of 254 codons with the neomycin phosphotransferase
(neo) gene under the control of the herpes simplex virus thymidine
kinase promoter11. This targeting strategy happened to produce a fused
mRNA consisting of the neo and the residual Prnp sequences in the
brains11. The second line, Npu Prnp0/0, contained the disrupted Prnp
alleles, in which the neo gene under the control of the mouse metal-
lothionein promoter was simply inserted into a unique Knp I site in the
PrP-coding sequence12. In these mice, the residual Prnp sequences
were not expressed12. In a third line of PrP-null mice, Ngsk Prnp0/0, a
2.1-kb genomic DNA segment including 0.9-kb of intron 2, 10-bp of 5’
untranslated region (UTR) of exon 3, the entire PrP open reading frame
(ORF), and 0.45-kb of 3’ UTR was replaced by the neo gene under
the control of the mouse phosphoglycerate kinase (PGK) promoter14. A
fourth line, Rcm0 Prnp0/0, was generated by a similar targeting strat-
egy utilized in Ngsk Prnp0/0 mice2. The hypoxanthine phosphoribosyl-
transferase gene under control of the PGK promoter was used in Rcm0
Prnp0/0 mice as a selectable marker2. In a fifth line of PrP-null mice,
Zrch II Prnp0/0, 0.27-kb of intron 2, the entire exon 3, and 0.6-kb of
the 3’ flanking DNA segment were targeted by a specific 34-bp loxP
sequence15.

7.2.2. Normal embryonic development
of PrP-null mice

During embryogenesis, PrPC is ubiquitously expressed both in the
nervous system and in various non-neuronal tissues16. Büeler et al. re-
ported that Zrch I Prnp0/0 mice were born in accordance with Mendel’s
law from a breeding pair of Zrch I heterozygous (Prnp0/+) mice, show-
ing no obvious defects in those tissues11. Normal development was
also subsequently demonstrated in the other four lines of Prnp0/0

mice2,12,14,15, indicating that PrPC is unnecessary for mammalian
embryogenesis.

7.2.3. Learning/memory and synaptic plasticity
in PrP-null mice

PrPC is predominantly expressed in pyramidal neurons of the
hippocampus17, which plays an important role in learning and mem-
ory. To investigate the role of PrPC in these functions, Büeler et al. sub-
jected Zrch I Prnp0/0 mice to different behavioral tasks, such as a swim-
ming navigation test and a Y-maze discrimination test11. The mutant
mice performed these tasks as well as control mice11. The swimming
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navigation test is thought to be effective in evaluating spatial learning
ability18,19, and the Y-maze test in assessing discrimination ability20.
Nishida et al. also described the normal behavior of Ngsk Prnp0/0 mice
in a swimming navigation test21. However, interestingly, they reported
that these mutant mice performed very poorly on other tests, includ-
ing a water-finding test and a conditioned passive-avoidance test21. The
water-finding test was developed to evaluate latent learning22, and the
passive avoidance task investigates short- and long-term memory23. It
is possible, therefore, that PrPC might be involved in certain types of
learning and memory.

In electrophysiological studies, Collinge et al. showed that γ-
aminobutyric acid type A (GABAA) receptor-mediated fast inhibition was
weakened and long-term potentiation (LTP) was impaired in the hippo-
campal CA1 neurons of Zrch I Prnp0/0 mice, compared with those of con-
trol wild-type mice24. They also confirmed that these abnormal pheno-
types in Zrch I Prnp0/0 mice were successfully rescued by re-introduction
of multi-copies of a transgene encoding human PrPC25. Loss of LTP was
also reported in another line of PrP-null mice, Npu Prnp0/0 26. These
results indicate that PrPC is involved in synaptic transmission and plas-
ticity. The impaired learning and memory observed in Ngsk Prnp0/0

mice might be attributable to these electrophysiological abnormalities.
However, in addition to normal synaptic transmission in Purkinje cells
of Zrch I Prnp0/0 mice27, the failure to detect impaired LTP in the CA1
region of these mice was reported28.

7.2.4. Altered circadian rhythm in PrP-null mice

Tobler et al. reported altered sleep patterns and rhythms of circadian
activity in both Zrch I Prnp0/0 and Npu Prnp0/0 mice29. Sleep fragmen-
tation was much more prominent in these PrP-null mice than in wild-type
mice. The period of circadian activity was 23.3 h in wild-type mice under
a condition of constant darkness. In contrast, it was 23.9 h in the mutant
mice. The suprachiasmatic nuclei, a center for circadian rhythm regula-
tion, were morphologically normal in these Prnp0/0 mice. The authors
also showed that these dysregulated circadian activities could be res-
cued by re-introducing transgenes encoding PrPC. The results indicate
that PrPC plays an important role in the regulation of circadian rhythm.

7.2.5. Purkinje cell degeneration in PrP-null mice

Zrch I Prnp0/0 and Npu Prnp0/0, the first two established lines
of PrP-null mice, were reported to grow without any neurological
abnormalities11,12. However, we found that Ngsk Prnp0/0 mice began



Prion Protein, Prion Protein-like Protein, and Neurodegeneration 171

Figure 7.2. Purkinje cell degeneration in Ngsk Prnp0/0 mice. Purkinje cells were im-
munohistochemically stained using anti-calbindin antibodies.

to exhibit progressive ataxia from around 70 weeks old, showing poor
performance in a rotorod task, which is a motor coordination test13.
Macroscopic inspection of the brains of these ataxic mice revealed
marked cerebellar atrophy, compared with those of wild-type mice. In
these cerebella, Purkinje cells were dramatically decreased in number
due to extensive degeneration (Figure 7.2). The molecular layer was
much thinner in these mice than in wild-type mice, probably as a result
of the loss of the dendritic trees of Purkinje cells (Figure 7.2). Cerebellar
granule cells and inferior olive nuclei, two major sources of afferents to
Purkinje cells, remained intact. No significant microscopic abnormalities
could be detected in the cerebrum of these mice, particularly the cerebral
cortex, hippocampus, putamen, thalamus, and hypothalamus. We also
subsequently confirmed that the ataxia and Purkinje cell degeneration in
Ngsk Prnp0/0 mice could be successfully rescued by re-introduction of
multiple copies of a cosmid transgene encoding mouse PrPC 30. More-
over, the same cerebellar phenotypes were reported in other indepen-
dent lines of Prnp0/0 mice, Rcm0 Prnp0/0 and Zrch II Prnp0/0 2,15. These
results clearly indicate that PrPC is necessary for the long-term survival
of Purkinje cells.

The cerebellar atrophy in Ngsk Prnp0/0 mice was not evident until
about 40 weeks after birth, and no Purkinje cell loss was detectable
in younger Ngsk Prnp0/0 mice21, indicating the normal development of
Purkinje cells in these mice. In Ngsk Prnp0/0 mice aged 43 weeks old,
on the other hand, torpedo-like varicosities composed of a swollen dis-
organized myelin sheath were observed along the axons of Purkinje
cells, in spite of the fact that the cell bodies and dendritic trees seemed
normal30. It was previously shown that PrPC was expressed along the
axons and at the axonal terminals of Purkinje cells, but not in the cell
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bodies and dendrites17,31. It is therefore possible that the loss of PrPC

could cause defects in the axonal organization of Purkinje cells, conse-
quently leading to the degeneration of the cells.

7.2.6. Gliosis in PrP-null mice

We also reported another discrepant phenotype between Ngsk
Prnp0/0 and Zrch I Prnp0/0 mice32. In the former, glial cells, including
astrocytes and microglia, were markedly activated both in the cerebrum
and in the cerebellum in an age-dependent manner. In contrast, the lat-
ter showed no such activation of glial cells. However, as in the case of
Purkinje cell degeneration, we could confirm that re-introduction of a
cosmid transgene encoding mouse PrPC rescued Ngsk Prnp0/0 mice
from this glial activation32, indicating that the glial activation in Ngsk
Prnp0/0 mice is attributable to the loss of PrPC.

Since both astrocytes and microglia were previously shown to express
PrPC abundantly33,34, it is conceivable that PrPC expressed on glial cells
is involved in the regulation of the glial activation. Interestingly, glial cells
were activated much earlier than the point of which Purkinje cell de-
generation became detectable in Ngsk Prnp0/0 mice32, suggesting the
primary role of the activated glial cells in the neurodegeneration. How-
ever, it is also conceivable that, aside from Purkinje cell degeneration,
undetectable neuronal damages induced by the loss of PrPC activate
glial cells indirectly. Moreover, it is possible that neurons devoid of PrPC

produce a signal(s) to activate surrounding glial cells.

7.2.7. Demyelination in PrP-null mice

We found spongiosis in the spinal cord of Ngsk Prnp0/0 mice aged
31 weeks30. The white matter was widely affected, while the gray matter
remained completely intact. Each vacuole in the spongiosis was sur-
rounded by an enlarged myelin sheath. In some cases, splits within a
myelin sheath formed vacuoles. Large myelinated fibers were mainly
affected. Similar pathologies were detected in the peripheral sciatic
nerves of aged Ngsk Prnp0/0 mice. In addition to many similar vac-
uoles, large myelinated fibers were prominently reduced in number and
remaining axons were thinly myelinated. Onion bulbs, a pathological
hallmark of multiple episodes of demyelination and remyelination, were
also identified in the affected nerves. We further confirmed that this
demyelination in Ngsk Prnp0/0 mice could be successfully rescued by
expressing transgenic mouse PrPC 30. The same demyelination was
observed in the sciatic nerves of Zrch I Prnp0/0 mice30. These results
indicate that PrPC is involved in the organization of a myelin sheath.
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Oligodendrocytes and Schwann cells, professional cells forming
myelin sheaths in the CNS and the peripheral nervous system, respec-
tively, are known to express PrPC on the surface33,35. It is therefore con-
ceivable that PrPC functions as an adhesion molecule within a myelin
sheath and/or between a myelin sheath and an axon to form a tightly
compacted myelin sheath. It is also possible that PrPC is a trophic factor
for oligodendrocytes and Schwann cells.

7.3. Identification of PrP-like protein and its ectopic
expression in ataxic lines of mice devoid of PrP

7.3.1. Aberrant transcripts in ataxic lines
of PrP-null mic

It is highly likely that the discrepant phenotypes observed among dif-
ferent lines of PrP-null mice, including ataxia, Purkinje cell degeneration,
and gliosis, are attributable to the different targeting strategies used in
these mutant mice. The Prnp promoter/enhancer region remained int-
act and therefore still active in all lines of Prnp0/0 mice, indicating that
this region is not associated with the discrepancy. However, we noticed
that 0.27-kb of the 3’ part of the Prnp intron 2 was commonly targeted
in all ataxic lines of Prnp0/0 mice (Figure 7.1). In contrast, this part was
completely intact in non-ataxic lines of the mice (Figure 7.1). This part of
the intron 2 possesses several specific elements that are important for
splicing processes of pre-mRNA, such as a splicing acceptor signal, sug-
gesting that the pre-mRNA transcribed from the residual Prnppromoter
undergoes abnormal splicing in ataxic lines, but not in non-ataxic lines of
Prnp0/0 mice. Recent evidence shows that each of the pre-mRNA matu-
ration processes, such as transcription, capping, splicing, and cleavage/
polyadenylation, functionally interacts with the other processes to pro-
duce proper mRNAs36. It is conceivable, therefore, that the impaired
splicing of the pre-mRNA transcribed from the Prnp promoter disturbs
other normal processes of the pre-mRNA, leading to the generation of
the aberrant transcripts etiologically relevant to the discrepancy.

To detect these predicted aberrant transcripts, we carried out North-
ern blotting of total RNAs extracted from the brains of ataxic Ngsk
Prnp0/0 mice with a cDNA probe consisting of the Prnp exons 1 and
2 (1/2), because these exons were intact in all lines of PrP-null mice3.
In wild-type mice, the 2.2-kb authentic PrP mRNA was abundantly ex-
pressed in the brain (Figure 7.3). In Zrch I Prnp0/0 mice, the 2.4-kb PrP-
neo chimeric mRNA was detected as described previously (Figure 7.3).
This chimeric mRNA also contained the residual sequence of the Prnp
exon 3 (Figure 7.3). However, in the brains of Ngsk Prnp0/0 mice,
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Figure 7.3. Northern blotting of the brains of wild-type, Ngsk Prnp0/0, Zrch I Prnp0/0,
Ngsk Prnp0/+, and Ngsk/Zrch Prnp0/0 mice using Prnp exons 1/2 and exon 3 probes.
The 2.2- and 3.4-kb aberrant transcripts, which were hybridized to the exons 1/2 but not
to the exon 3 probe, were specifically expressed from the Ngsk targeted Prnp allele.
(Modified from Li et al.3)

2.2- and 3.4-kb transcripts were specifically detectable (Figure 7.3). In
contrast to the PrP-neo chimeric mRNA in Zrch I Prnp0/0 mice, these
transcripts could not be hybridized to an exon 3 probe (Figure 7.3). These
aberrant transcripts were reported in the brains of another ataxic Rcm0
Prnp0/0 mouse, but not in another non-ataxic Npu Prnp0/0 mouse2.
Taken together, these results are consistent with the earlier prediction
that the abnormal transcripts including the Prnp exon 1/2 sequences but
not the exon 3 are aberrantly expressed in ataxic lines of Prnp0/0 mice.

We next examined whether these aberrant transcripts could be en-
coded on the targeted Prnp allele of ataxic Prnp0/0 mice3. In the brains
of Ngsk Prnp0/+ mice, hemizygous for the targeted allele, the aberrant
transcripts and the authentic PrP mRNA were expressed at similar lev-
els (Figure 7.3). Moreover, Zrch I/Ngsk chimeric Prnp0/0 mice expressed
both the PrP-neo fused mRNA and the aberrant transcripts (Figure 7.3).
These results clearly show that the expression of the aberrant transcripts
is closely associated with the presence of the Ngsk targeted Prnp allele,
but not with the Zrch I targeted allele, indicating that these aberrant tran-
scripts are specifically encoded on the targeted Prnp alleles of ataxic
lines of Prnp0/0 mice.

7.3.2. The aberrant transcripts encode
PrP-like protein

We cloned and sequenced the cDNAs of the aberrant 2.2- and
3.4-kb transcripts expressing in the brains of Ngsk Prnp0/0 mice, and
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showed that they were polyadenylated mRNAs containing the conserved
polyadenylation signal 20-bp upstream of the poly(A) start site3. The se-
quences for the Prnp exons 1/2 were present in these transcripts, con-
sistent with the results of Northern blotting. Moreover, these sequences
were located at the 5’ terminus, indicating that the aberrant mRNAs were
transcribed from the residual Prnp promoter. Novel sequences were
identified downstream of the Prnp exon 1/2 sequences. According to a
detailed sequence analysis, the 2.2- or 3.4-kb signal detected on North-
ern blotting was composed, not of a single mRNA species, but of at
least four species of alternatively spliced mRNAs. Three of these had
103-, 163-, and 266 (103+163)-bp inserts just downstream of the Prnp
exon 1/ 2 sequences, respectively, while the other contained no insert.
The 103-bp inset was predominant among them. In addition to these
alternatively spliced inserts, the longer insert of 1,237-bp locating in the
center of the novel sequence of the 3.4-kb mRNAs was spliced out in
the 2.2-kb mRNAs.

In the novel sequences of the aberrant transcripts, a common ORF
encoding a putative protein with 179 amino acids was identified3. The
deduced amino acid sequence of the protein was remarkably similar
to that of PrP on a homology search, sharing ∼23% identical amino
acids with the C-terminal half of PrP. Thus, we named this putative pro-
tein PrP-like protein (PrPLP)3. Since Moore et al. independently identi-
fied the same sequences using a genomic walking technique and large
scale sequencing, and termed it doppel (Dpl)2, we will refer to this pu-
tative protein hereafter as PrPLP/Dpl. Subsequently, the expression of
PrPLP/Dp in the brains of ataxic lines Prnp0/0 mice was confirmed by
immunoblotting using anti-PrPLP/Dpl antibodies15,37.

7.3.3. PrP-like protein is encoded by
an independent gene

Is PrPLP/Dpl expressed under physiological conditions? To address
this question, we performed Northern blotting of various tissues of adult
wild-type mice with the PrPLP/Dpl-coding sequence as a probe38. No
substantial expression of PrPLP/Dpl mRNA could be detected in the
brain where PrP was abundantly expressed38. In contrast, consider-
able amounts of 2.0- and 3.2-kb mRNAs were detectable in the testis,
heart, kidney, and spleen38. Neither the Prnp exons 1/2 nor the exon 3
probes could hybridize to these mRNAs, suggesting that the PrPLP/Dpl
expression is regulated by its own promoter, but not by the Prnp pro-
moter, in wild-type mice. We also cloned and sequenced the cDNAs of
these mRNAs expressing in the testis, and identified a 55-bp unique
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sequence at the 5’ terminus instead of the Prnp exon 1/2 sequences,
which was followed by the PrPLP/Dpl-coding sequence3. No inserts of
the 103-, 163-, and 266-bp could be detected downstream of the 55-bp
sequence. These results indicate that PrPLP/Dpl is encoded on an inde-
pendent genomic gene. Moore et al. independently identified the same
gene and named it Prnd 2.

7.3.4. PrP-like protein is ectopically expressed in
neurons and non-neuronal cells of ataxic
lines of PrP-null mice

We identified the cells expressing the aberrant PrPLP/Dpl mRNAs
in the brain of ataxic Ngsk Prnp0/0 mice by in situ hybridization with a
probe for the PrPLP/Dpl-coding sequence38. Consistent with the results
of Northern blotting, we could detect no expression of the PrPLP/Dpl-
coding sequence in the brains of wild-type mice. In contrast, in Ngsk
Prnp0/0 mice, the mRNAs were abundantly expressed in almost all neu-
rons and non-neuronal cells including glial cells throughout the brains,
with the strongest expression in pyramidal cells of the hippocampus and
in Purkinje cells38. The expression of the mRNAs in glial cells of Ngsk
Prnp0/0 mice was further confirmed by subjecting the primary cultured
glial cells to Northern blotting analysis. The cell-expression profiles of
the aberrant mRNAs in the brain of Ngsk Prnp0/0 mice were nearly iden-
tical to those of PrP mRNA in wild-type mice, consistent with the finding
that the aberrant mRNAs are abnormally expressed under the control
of the Prnp promoter in ataxic lines of Prnp0/0 mice.

7.3.5. Ectopic expression of PrP-like protein due
to unusual intergenic splicing between
Prnp and Prnd

Moore et al. successfully showed the complete genomic configuration
of Prnd by sequencing of a cosmid clone, I/Ln-J-42. Prnd was located
16-kb downstream of Prnp, and the 103-, 163-, and 266 (103 + 163)-bp
inserts are derived from two exonic sequences present between Prnp
and Prnd, indicating that the aberrant transcripts are generated as a
result of an unusual intergenic splicing taking place between Prnp and
Prnd on the targeted allele.

Pre-mRNAs usually undergo several modifications within the frame-
work of a single gene, such as capping at the 5’ end, splicing out intronic
sequences, and cleavage and polyadenylation at the 3’ end, and convert
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Figure 7.4. Mechanisms of the generation of the aberrant chimeric mRNAs via inter-
genic splicing taking place between Prnp and Prnd in Ngsk Prnp0/0 mice. A, wild-type
mice; B, Ngsk Prnp0/0 mice.

into mature mRNAs. In wild-type mice, the PrP pre-mRNA is normally
cleaved and polyadenylated at the last exon of the Prnp (Figure 7.4A).
However, in ataxic lines of Prnp0/0 mice, probably due to the lack of
the 3’ part of intron 2, the pre-mRNA transcribed from the Prnp pro-
moter could not efficiently undergo cleavage/polyadenylation at the last
exon of Prnp2,3. Thereafter, it was further elongated until the last exon
of Prnd and subjected to intergenic splicing between the residual Prnp
exons 1/2 and the PrPLP/Dpl-coding exon (Figure 7.4B). As a result,
PrPLP/Dpl became abnormally expressed under the control of the Prnp
promoter, leading to the ectopic expression of PrPLP/Dpl in the brains of
ataxic lines of Prnp0/0 mice2,3. It is likely, therefore, that the aberrant ex-
pression of PrPLP/Dpl in the brains of ataxic Prnp0/0 mice is attributable
to the discrepant phenotypes observed among different lines of Prnp0/0

mice.
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7.4. Protein structure and normal function
of PrP-like protein

7.4.1. PrP-like protein is a homologue of globular
domain of PrP

PrPLP/Dpl is a GPI-anchored membrane glycoprotein39. On the
biosynthesis of PrPLP/Dpl along the secretary pathway, the N-terminal
24 or 27 and the C-terminal 25 hydrophobic residues are removed as
a signal peptide and a GPI-anchor signal peptide, respectively, and the
two conserved asparagines are N-glycosylated (Figure 7.5). PrPLP/Dpl
possesses two disulfide linkages (Figure 7.5). Disruption of these link-
ages by DTT was reported to predispose recombinant PrPLP/Dpl to be
precipitatable, suggesting that these disulfide linkages are important for
the proper folding of the protein40.

PrPLP/Dpl resembles the C-terminal half of PrPC in the amino acid
sequence, lacking both the Cu2+-binding octapeptide repeat and the
hydrophobic domain present at the N-terminal half of PrPC (Figure 7.5).
Both proteins are anchored onto the cell membrane by a GPI moiety,
indicating that these proteins are expressed on the same raft domain
of the membrane. Indeed, Shaked et al. showed that PrPLP/Dpl and
PrPC are raft-associated proteins using flotation assays41. Moreover,
Mo et al. analyzed a nuclear magnetic resonance (NMR) structure of
recombinant PrPLP/Dpl and observed marked similarity in the protein
structure between PrPLP/Dpl and the C-terminal half of PrPC, both of
which are composed of three α-helices and two short β-strands40. These
stunning similarities in the cellular topology and protein structure of the

Figure 7.5. Protein structures of PrP and PrPLP/Dpl. α and β indicate α-helix and
β-strand, respectively. S-S indicates a disulfide bond.
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two proteins strongly suggest that PrPLP/Dpl is a homologue protein of
the C-terminal globular domain of PrPC.

7.4.2. Developmental expression of PrP-like protein
in brain endothelial cells

PrPLP/Dpl was not expressed in the brains of adult mice2,38. However,
we found substantial expression in the brains of neonatal mice38. The
PrPLP/Dpl mRNA was already detected at 1 day after birth, peaked at
about 1 week, and then gradually decreased to an undetectable level by
at least 8 weeks. Using in situ hybridization together with immunohisto-
chemistry, we found that PrPLP/Dpl was expressed specifically by brain
endothelial cells38. This developmental expression of PrPLP/Dpl in the
brain endothelial cells suggests that PrPLP/Dpl is involved in the devel-
opment of brain blood vessels. It is also conceivable that PrPLP/Dpl is
associated with the development of the blood-brain barrier.

7.4.3. Impaired spermatogenesis in mice devoid
of PrP-like protein

To investigate the physiological functions of PrPLP/Dpl, Behrens et al.
generated mice devoid of PrPLP/Dpl, designated Prnd neo/neo mice, us-
ing homologous recombination in ES cells42. The mutant mice were
born normally and had no obvious defects, indicating that PrPLP/Dpl
is not indispensable to embryonic development. Interestingly, female
Prnd neo/neo mice were fertile, whereas male mutant mice showed steril-
ity. The testes in these mice seemed developmentally normal, but both
the number of spermatozoa and the motility of mutant sperm were sig-
nificantly decreased. Moreover, the mutant sperm exhibited abnormal
morphologies. The authors also showed that the acrosome function was
impaired in the mutant spermatozoa. Immunohistochemical studies us-
ing anti-PrPLP/Dpl antibodies demonstrated the specific expression of
PrPLP/Dpl in spermatids42. Also, Peoc’h et al. showed that, in human
testes, spermatozoa and Sertoli cells expressed PrPLP/Dpl43. These
results indicate that PrPLP/Dpl is involved in spermatogenesis.

7.5. Neurotoxic function of PrP-like protein

7.5.1. Neurotoxicity of ectopically expressed
PrP-like protein in the absence of PrP

Ataxia and Purkinje cell degeneration have been shown to be
closely associated with the ectopic expression of PrPLP/Dpl in the
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brains of ataxic Prnp0/0 mice, strongly suggesting a causal relation-
ship between the ectopically expressed PrPLP/Dpl and these discrepant
phenotypes2,3. Moore et al. recently demonstrated the involvement
of PrPLP/Dpl in these neurological abnormalities by showing that
PrPLP/Dpl transgenically driven by the Prnp promoter rendered non-
ataxic Zrch I Prnp0/0 mice ataxic due to marked Purkinje cell loss37.
This finding, taken with our previous results that these abnormal phe-
notypes in Ngsk Prnp0/0 mice were successfully rescued by the intro-
duction of a transgene encoding PrPC 30, indicates that the ectopically
expressed PrPLP/Dpl induces neurotoxicity on Purkinje cells in the ab-
sence of PrPC, causing the ataxia and Purkinje cell degeneration as
observed in ataxic lines of Prnp0/0 mice.

7.5.2. PrP-like protein expressed on Purkinje cells
is involved in neurodegeneration

We generated two different types of transgenic (tg) mice, designated
tg(N-PrPLP/Dpl) and tg(P-PrPLP/Dpl)44. Three lines of tg(N-PrPLP/Dpl)
mice, 25, 31, and 32, expressed PrPLP/Dpl specifically in nearly all neu-
rons including Purkinje cells under the control of the neuron-specific eno-
lase promoter, and four lines of tg(P-PrPLP/Dpl) mice, 18, 26, 27, and
48, expressed PrPLP/Dpl only in Purkinje cells under the control of the
Purkinje cell protein-2 promoter. To investigate whether these cell-
specific expressions of PrPLP/Dpl could induce ataxia and Purkinje
cell degeneration in the absence of PrPC, we backcrossed tg(N-
PrPLP/Dpl)25 and 32 mice and tg(P-PrPLP/Dpl) 26 and 27 mice with
non-ataxic Zrch I Prnp0/0 mice to generate each tg line of mice carrying
the Zrch I Prnp0/0 alleles44. Neither ataxia nor Purkinje cell degenera-
tion was detected in these tg mice on the wild-type genetic background
(Figure 7.6). In contrast, all of the tg(N-PrPLP/Dpl)25 and 32 mice car-
rying the Zrch I Prnp0/0 genotype began to exhibit ataxia at 359±52 and
58±15 days, respectively (Figure 7.6). Moreover, the tg(P-PrPLP/Dpl)26
and 27 mice with the Zrch I Prnp0/0 background also developed similar
ataxia at 268±28 and 167±13 days, respectively (Figure 7.6). These
ataxic tg mice carrying the Zrch I Prnp0/0 genotype showed marked de-
generation of Purkinje cells throughout the cerebellar cortex. No patho-
logical changes were detectable in other cells of these mice, including
granule cells. Similarly, Anderson et al. recently reported that the tar-
geted expression of PrPLP/Dpl to Purkinje cells of Zrch I Prnp0/0 mice
caused ataxia and Purkinje cell degeneration45. Taken together, these
results indicate that PrPLP/Dpl ectopically overexpressed on Purkinje
cells is itself neurotoxic enough to induce the degeneration of the cells
in the absence of PrPC.
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Figure 7.6. The onset of ataxia in tg(N-PrPLP/Dpl)25 mice (A), tg(N-PrPLP/Dpl)32
mice (B), tg(P-PrPLP/Dpl)26 mice (C), and tg(P-PrPLP/Dpl)27 mice (D) on the genetic
background of wild-type (Prnp+/+), Zrch I Prnp0/+, and Zrch I Prnp0/0.

7.5.3. Neurotoxicity of PrP-like protein is
stoichiometrically neutralized by PrP

Rossi et al. reported that the onset of ataxia and Purkinje cell de-
generation occurred much earlier in Zrch II Prnp0/0 mice than in Zrch I/
Zrch II chimeric Prnp0/0 mice hemizygous for the PrPLP/Dpl-encoding
Zrch II targeted allele, and further showed that the onset of the ataxia
in Zrch II Prnp0/0 mice was hastened by the expression of additional
transgenic PrPLP/Dpl15. Moore et al. also showed that Zrch I Prnp0/0

mice transgenic for PrPLP/Dpl developed ataxia and Purkinje cell de-
generation with incubation times inversely correlated to the expression
levels of PrPLP/Dpl in the brain37. We reported similar results in both
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tg(N-PrPLP/Dpl) and tg(N-PrPLP/Dpl) mice44. Tg(N-PrPLP/Dpl)25 mice
expressed PrPLP/Dpl in the cerebrum and cerebellum at a level less
than a quarter that of Ngsk Prnp0/0 mice on Western blotting, and de-
veloped ataxia at 359 ± 52 days on the Zrch I Prnp0/0 background. On
the other hand, tg(N-PrPLP/Dpl)32 mice expressed PrPLP/Dpl in the
cerebrum and cerebellum at a level about 2–3 and 1–2 times more than
that of Ngsk Prnp0/0 mice, respectively, and succumbed to the disease
much earlier at 58 ± 15 days on the Zrch I Prnp0/0 background. Similarly,
tg(P-PrPLP/Dpl)26 mice exhibiting weak signals in most Purkinje cells
on in situ hybridization developed ataxia at 268 ± 28 days on the Zrch
I Prnp0/0 background, while tg(P-PrPLP/Dpl)27 mice with the heavily
stained Purkinje cells evenly distributed throughout the cerebellar cor-
tex got sick at 167 ± 13 days. Taken together, these results show that
PrPLP/Dpl exerts its neurotoxicity on Purkinje cells in a dose-dependent
manner.

We next examined the relationship between the onset of ataxia and
the expression levels of PrPC 44. All tg(N-PrPLP/Dpl)32 mice hemi-
zygous for Zrch I Prnp allele, Prnp0/+, developed ataxia at 259 ± 48
days, and 6/20 tg(N-PrPLP/Dpl)25 mice exhibited similar symptoms at
495 ± 86 days on the Zrch I Prnp0/+ background (Figure 7.6). Similarly,
5/10 tg(P-PrPLP/Dpl)26 mice and 3/10 tg(P-PrPLP/Dpl)27 mice be-
came ataxic at 463 ± 81 and 391 ± 108 days, respectively, on the Zrch
I Prnp0/+ background (Figure 7.6). Pathological examinations revealed
that all symptomatic tg mice with the Zrch I Prnp0/+ genotype exhibited
the degeneration of Purkinje cells. The onset of the ataxia in each line
of tg mice with the Zrch I Prnp0/+ background was greatly prolonged,
compared with that of the same line of mice with the Zrch I Prnp0/0

background, indicating that, in contrast to PrPLP/Dpl, the time to ataxia
and Purkinje cell degeneration correlates with the expression levels of
PrPC in the brain. In other words, PrPC neutralizes the neurotoxicity of
PrPLP/Dpl in a stoichiometric manner.

7.5.4. Neutralization of PrP-like protein toxicity by
PrP is mediated through N-terminal residues

Successful rescue of the ataxia and Purkinje cell degeneration in Ngsk
Prnp0/0 mice by introduction of a transgene encoding PrPC prompted us
to investigate the domain of PrPC, which neutralizes the neurotoxicity of
PrPLP/Dpl. We recently reported that hamster PrPC could protect Ngsk
Prnp0/0 mice from these neurological abnormalities46. Human PrPC was
also shown to be capable of rescuing the electophysiological deficits in
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Zrch Prnp0/0 mice25. It is therefore conceivable that PrPC is functionally
equivalent in all mammalians.

We also showed that PrP with a familial prion disease-associated mu-
tation (E199K) could fully neutralize the PrPLP/Dpl-induced neurotoxic-
ity in Ngsk Prnp0/0 mice46. The protein structure of recombinant human
PrP 90-231 with the corresponding mutation (E200K) was shown to be
almost identical to that of wild-type PrP47. Thus, the mutation (E200K)
has little affect on the structure and function of PrPC. This result indi-
cates that other disease-associated mutant PrPs are also functionally
competent. To promote understanding of the pathogenesis of familial
prion diseases, it might be useful to examine whether such PrPs rescue
Ngsk Prnp0/0 mice from ataxia and Purkinje cell degeneration.

We also reported that Ngsk Prnp0/0 mice expressing the PrP trans-
gene with a deletion of the N-terminal residues 23–88 (MHM2.del23-88)
developed ataxia and Purkinje cell degeneration on a time course iden-
tical to that of non-transgenic Ngsk Prnp0/0 mice46. This result clearly
indicates that PrPC neutralizes the neurotoxicity of PrPLP/Dpl through its
N-terminal residues containing the PrP-specific Cu2+-binding octapep-
tide repeat region.

7.5.5. Possible mechanisms for Purkinje cell
degeneration in PrP-null mice

Shmerling et al. previously reported that PrP�32-121 and PrP�32-
134, which lack the N-terminal residues 32-121 and 32-134, respectively,
caused ataxia and cerebellar degeneration characterized by marked
granule cell death in Zrch I Prnp0/0 mice48. They further showed that
these neurological abnormalities could be rescued by full-length PrPC48.
Purkinje cells remained intact in these mice probably because the trun-
cated PrPs were not expressed in Purkinje cells due to the insufficient
activity of the PrP promoter they used15. Flechsig et al. subsequently
demonstrated that ataxia and Purkinje cell loss could be induced by the
targeted expression of PrP�32-134 to Purkinje cells of Zrch I Prnp0/0

mice49. PrP�32-121 and PrP�32-134 lack the octapeptide repeat and
central hydrophobic region, but preserve the C-terminal globular domain
of PrPC, the domain homologous to PrPLP/Dpl. It is therefore very likely
that PrPLP/Dpl and the truncated PrPs utilize the same or at least a
similar mechanism to exert their neurotoxicity on Purkinje cells.

Weissmann and colleagues have hypothesized that PrPC and an-
other conjectural PrP-like molecule, protein π, elicit a signal necessary
for Purkinje cell survival upon interaction with a yet unidentified putative
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cognate ligand48,50. In non-ataxic Prnp0/0 mice, the protein π signal-
ing remains intact and therefore Purkinje cells are healthy. In ataxic
Prnp0/0 mice, PrPLP/Dpl and the N-terminally truncated PrPs compete
with protein π for the ligand and disturb the signal, resulting in Purkinje
cell death. However, this theory can be verified only when the putative
molecules are identified. Interestingly, it was recently demonstrated that
copper could bind not only to PrPC but also to PrPLP/Dpl51−53. Hence,
copper is a candidate for the hypothetical ligand. On the other hand, in
contrast to PrP�32-121 and PrP�32-134, PrP�23-88 has never shown
neurotoxicity in Zrch I Prnp0/0 mice54, indicating that the residues be-
tween 88 and 121 inhibit the neurotoxic potential of PrPLP/Dpl. This
region, overlapping with the hydrophobic region, forms part of the bind-
ing sites for the heat shock protein, stress-inducible protein 155, and
the extracellular matrix constituent, glycosaminoglycans56. It is therefore
possible that these associating molecules are involved in the Purkinje
cell degeneration in ataxic lines of Prnp0/0 mice.

Wong et al. reported that oxidative stresses including radical oxygen
species and nitric oxide were much more elevated in the brains of ataxic
Rcm0 Prnp0/0 mice than in those of non-ataxic Npu Prnp0/0 mice57.
Cui et al. showed that treatment of the cultured cerebellar neurons of
non-ataxic Zrch I Prnp0/0 mice with recombinant PrPLP/Dpl induced
apoptotic cell death with concomitant increase in the expression of in-
ducible and neuronal NO synthases and heme oxygenase-1, molecular
markers for oxidative stresses58. They further demonstrated that a phar-
macological inhibitor of NO synthases, L-N-acetyl methyl ester (NAME),
could protect the neurons from apoptosis58. These results strongly sug-
gest that PrPLP/Dpl is involved in the generation of oxidative stresses.
There is an emerging hypothesis that PrPC is associated with antiox-
idant activity by activating Cu2+-dependent antioxidant enzymes such
as superoxide dismutase via transfer of the octapeptide repeat-bound
Cu2+ 59. Indeed, the primary cultured cerebellar neurons from non-ataxic
Npu Prnp0/0 mice were shown to be more sensitive to oxidative stresses
than those from wild-type mice60. Therefore, it is alternatively conceiv-
able that PrPLP/Dpl produces oxidative stresses toxic to Purkinje neu-
rons and that PrPC detoxifies them.

Kuwahara et al. reported that hippocampal neuronal cells from ataxic
Prnp0/0 mice easily underwent apoptosis after withdrawal of serum,
and that the apoptosis could be prevented by either re-introduction of
PrPC or by expressing an anti-apoptotic protein, Bcl-2, exogenously61.
Moreover, Bounhar et al. showed that PrPC protected human primary
neurons from the apoptosis induced by the pro-apoptotic protein Bax62.
Interestingly, they further showed that PrP lacking the octapeptide repeat
region completely lost this neuroprotective potential62, consistent with
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the unsuccessful rescue of the ataxia and Purkinje cell degeneration
by PrP(MHM2.del23-88)46. These results suggest the further possibility
that PrPC is an anti-apoptotic protein while PrPLP/Dpl is pro-apoptotic.

7.6. Mice devoid of PrP shed light on the
pathogenesis of prion diseases

There is a strong argument that the conformational conversion of
PrPC to PrPSc plays an essential role in the pathogenesis of prion
diseases7−9,14,63, but the exact nature of this role has not been elu-
cidated. The constitutive conversion causes the accumulation of PrPSc

in the affected brain. In contrast, PrPC is reduced. Indeed, Yokoyama
et al. showed that, in experimentally infected mice, the PrPC-specific
immunoreactivity was decreased in the brain regions where PrPSc had
accumulated64. Therefore, it has been postulated that the functional loss
of PrPC induced by the conversion is involved in the pathogenesis. On
the other hand, Forloni et al. showed that an amyloidgenic PrP peptide
(PrP106-126) was highly toxic to primary cultured neurons, arguing that
PrPSc could itself be neurotoxic65. Moreover, it is possible that both the
functional loss of PrPC and the neurotoxicity of PrPSc are required for
the pathogenesis.

Non-ataxic Prnp0/0 mice exhibited impaired LTP in the hippocam-
pus CA1 region and altered circadian activity and sleep24,29. Demyeli-
nation was also observed in the spinal cord and peripheral nerves in
Prnp0/0 mice30. Prion diseases commonly present with memory loss or
dementia63. Since LTP is a form of synaptic plasticity that is thought to
underlie memory formation, the functional loss of PrPC might be relevant
to the dementia seen in prion diseases. Alteration in sleep and circa-
dian rhythms is a characteristic symptom of the inherited human prion
disease, fetal familiar insomnia63. Moreover, demyelinating peripheral
neuropathy has been reported in some cases of inherited prion disease
associated with the E200K mutation of PrP66,67. This remarkable similar-
ity of the phenotypes of PrP-null mice to those of prion diseases strongly
suggests that the neuropathological abnormalities in prion diseases are
attributable to the functional loss of PrPC.

It has been shown that, in the absence of functional PrPC, the ec-
topic expression of PrPLP/Dpl, PrP�32-121, or PrP�32-134 caused
ataxia, Purkinje cell degeneration, and gliosis in mice37,49. PrP�32-121
and PrP�32-134 were also highly toxic to cerebellar granule cells48.
Ataxia is one of the major initial symptoms, and marked degeneration of
both Purkinje cells and granule neurons is commonly noted in human
prion diseases63. Gliosis is also invariably observed63. Therefore, it is
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conceivable that mechanisms involved in the neurodegeneration and
gliosis of ataxic Prnp0/0 mice could work in a similar manner in the neu-
ropathologies of prion diseases. However, since no ectopic upregulation
of PrPLP/Dpl has been reported in the brains affected by experimental
prion diseases68, it is possible that PrPSc accumulated in the neurons re-
places PrPLP/Dpl in prion diseases, or that fragmented products derived
from PrPSc, which are often observed in the affected brains69, possess
a neurotoxic potential equivalent to that of PrPLP/Dpl, PrP�32-121, or
PrP�32-134.

7.7. Possible implication of ectopic expression of
PrP-like protein in pathophysiolocal conditions

A body of evidence is emerging to show that pathophysiological
stresses such as ischemia can disturb normal splicing processes and
promote alternative splicing of a considerable number of genes ex-
pressed in the CNS70−76. Interestingly, Purkinje cells are highly vulnera-
ble to ischemic stress77. It is possible that ischemic stress produces the
chimeric Prnp-Prnd mRNA encoding for PrPLP/Dpl by up-regulation of
alternative intergenic splicing in neurons, particularly in Purkinje cells. It
will be intriguing, therefore, to examine the involvement of the PrPLP/Dpl-
induced neurodegeneration in various neuropathological conditions.
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8.1. Abstract

Transmissible spongiform encephalopathies (TSEs) or prion diseases
are neurodegenerative disorders that are invariably fatal in humans and
animals. An important component of the infectious agent is a glyco-
protein, termed PrPSc, which is derived from a normal cellular protein,
termed PrPC. The pathogenic mechanisms of TSEs are not clear, but
several factors such as oxidative stress and mitochondrial dysfunction
have been reported to be involved. In the current review, we will present
data that supports a role for oxidative stress and mitochondrial dysfunc-
tion in the induction of these diseases. We will discuss the pathways
whereby oxidative stress and mitochondrial dysfunction could lead to
neuronal damage and the clinical manifestations of TSE diseases.

8.2. Introduction

Mitochondria are a major source and target of free radicals1−3, and the
dysfunction of mitochondria can initiate the signaling cascades involved
in programmed cell death or apoptosis4−7. Mitochondria play a crucial
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role in the regeneration of antioxidants through the production of re-
ducing equivalents8−13. The major role of mitochondria is producing the
vast amounts of ATP within most cells and higher organisms through
oxidative phosphorylation3,14. Functions of mitochondria also include
regulation of intracellular calcium (Ca2+) homeostasis and production
of reactive oxygen species (ROS). Thus, mitochondria have been im-
plicated as central executioners of cell death3,14. These functions of
mitochondria mean that they play a major role in cell signaling, as well
as in biosynthesis and degradation15−20.

The endogenous production of ROS is thought to be a major limita-
tion of cellular life span1,21−25. Mitochondria have received considerable
attention as both a principal source and target of ROS. Mitochondrial ox-
idative stress has been implicated in heart diseases including myocar-
dial preconditioning, ischemia/reperfusion, and other pathologies1,2,4−7.
In addition, oxidative stress in the mitochondria is associated with the
pathogenesis of Alzheimer’s disease, Parkinson’s disease, TSEs, and
amyotrophic lateral sclerosis (ALS) as well as aging itself. Free radicals
and ROS have been observed to influence molecular and biochemical
processes and directly cause some of the changes observed in cells
during differentiation, aging, and transformation26. Nearly half of the ef-
fects discussed involve members of the mitogen-activated protein (MAP)
kinases and nuclear factor-κB (NF-κB) signaling pathways and genes
regulated by these pathways.

Mitochondrial dysfunction associated with the loss of Ca2+ homeosta-
sis and increased cellular oxidative stress have long been recognized to
play a major role in cell damage27.

In this chapter, we discuss the role of mitochondria in regulation of
Ca2+ homeostasis and in oxidative stress. We relate these changes
induced by mitochondria to general aspects of cell death and specifically
relate these events to neurodegeneration in TSEs.

8.3. Putative relationship between prion protein
(PrP) and oxidative stress

The deposition of abnormal protein fibrils is a prominent pathologi-
cal feature of many different ‘protein conformational’ diseases, including
some important neurodegenerative diseases such as Alzheimer disease
(AD), Parkinson’s disease (PD), motor neuron disease and the TSEs28.
The underlying protein component of the pathological fibrils associated
with TSEs almost invariably adopts, predominantly, an anti-parallel pat-
tern. An important component of the protein fibrils is a glycoprotein,
termed PrPSc, which is derived from a normal cellular protein termed
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PrPC. PrPSc molecules accumulate, sometimes in very large amounts,
within the central nervous system (CNS), where they are thought to lead
to neurodegeneration28−30. An important aspect of these proteins is that
a significant number of aggregating proteins associated with neurode-
generation are known to lead to redox-activation. TSEs can exist in both
non-inherited, apparently sporadic, infectious, and inherited forms31.
Molecular genetics studies have revealed that the inherited forms of
disease can often, but not always, be due to mutations in the gene en-
coding the actual fibril-forming polypeptide (PrP)28,31. These aberrant
protein conformations may aggregate and form deposits which inter-
fere with normal function, eventually leading to disease. This idea is
supported by transgenic mouse models in which overexpression of mu-
tant, fibril-forming protein leads to a pathological picture in the mice with
many similarities to both human and animal TSEs32,33.

Further evidence for a role of aggregating proteins in the initiation of
disease are the findings that several fibril forming proteins or smaller
fragments there of, have been shown to be toxic to cells in culture under
certain conditions30,34−36. However, it is not clear how this relates to cell
death in vivo. Nor is it clear if the mechanism of cell death is similar in all
cases where toxicity has been observed. Although the precise molecular
mechanism by which PrPSc mediates cell death has remained a matter
of considerable dispute, it is possible that the production of ROS and
the influx of calcium ions into cells are both involved in toxicity. One
fascinating possibility is that the aggregating peptide itself may be able
to produce ROS such as hydrogen peroxide (H2O2)37,38.

8.4. The link between PrP and mitochondrial
dysfunction

As noted above, it is postulated that PrP needs to be in a confor-
mationally altered state, i.e., PrPSc, before it becomes toxic to cells.
Several studies have demonstrated that there is a toxic form of the
peptide30,34−36. In addition to the direct production of ROS from the pep-
tide, various other hypotheses have been put forward to explain the cy-
totoxic effects of PrPSc. These include: (1) the induction by PrPSc or by
PrP peptides (PrP 106-126 or PrP 118-135) of calcium influx, directly
and/or indirectly, into cytosol and mitochondria30,35,39,40; (2) the alter-
ation of superoxide dismutase (SOD) activities by PrPSc in mitochon-
dria and cytosol41,42; (3) an interaction between PrPSc and intracellular
signaling proteins, such as NF-κB43; and (4) effects on mitochondrial
proteins such as Bax, Bcl-2 and cytochrome c40. The various possible
modalities of mitochondrial dysfunction are not necessarily incompatible
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with the idea that an important aspect of the toxicity of PrPSc is due to
its ability to generate ROS directly. The toxic process could have dual
mechanisms involving binding or attachment of protein aggregates to
cell components, followed by the direct and/or indirect induction of ox-
idative damage.

In the remainder of this article, we will review the evidence of recently
published data that mitochondrial dysfunction can generate ROS and
finally induce neuronal cell death, which is thought to be a major aspect
of the pathogenesis of TSEs39−43.

8.5. Mechanisms of mitochondrial dysfunction

8.5.1. Mitochondrial dysfunction in relation
to alternation of calcium metabolism

A mitochondrial pathway is thought to be a major cause of activa-
tion of a cascade which leads to apoptosis30,40. Energy depletion and
increased oxidative damage to several synaptic proteins, such as the
N-methyl-D-aspartate (NMDA) receptor and the α-amino-3-hydroxy-5-
methyl-4-isoxazolepropionate (AMPA) receptor lacking the glutamate
receptor 2 (GluR2) subunit, may result in loss of local calcium (Ca2+)
homeostasis resulting in synaptic degeneration14,39. Ca2+ is known to
activate several intracellular enzymes, such as phospholipase A2, nitric
oxide synthase (NOS), xanthine dehydrogenase, calcineurin, and en-
donucleases, many of which can elicit the generation of endogenous
ROS14. Moreover, when taken up by mitochondria, an increase in mito-
chondrial Ca2+ can also promote ROS generation44.

Recently it has been found that Ca2+ homeostasis is disrupted in
cerebellar granule cells from prion-deficient mice and in a cell line which
produces hypothalamic gonadotropin after treatment with either PrP
106-126 or with β-amyloid45,46. PrP 106-126 has also been found to
exert effects on calcium channels47−49. Calcium is known as a mediator
of apoptosis in response to many stimuli50.

The synthetic fragments of PrP peptides 106-126 and 118-135 are
partially resistant to proteinase-K, readily aggregate into amyloid fibrils
and can be neurotoxic30,34,39,51. The toxic effect of these synthetic pep-
tides and their relation to the activity of calcineurin were demonstrated by
inhibition of calcineurin factor, FK50639. Calcineurin is Ca2+/calmodulin-
dependent phosphatase and when activated it dephosphorylates the
proapoptotic Bad protein allowing its translocation to the mitochondria,
where it binds to anti-apoptotic Bcl-2 and Bcl-xL family proteins; this
results in breakdown of mitochondrial transmembrane potential, and
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induces cytochrome c (cyto c) release40,52,53. In the cytosol, cyto c
binds apoptotic protease activating factor-1 (Apaf-1) and dATP to form
a complex that activates caspase-9, which can activate the executioner
caspase-354.

An interesting observation is that increased mitochondrial inner mem-
brane permeability, defined by the formation of the permeability transi-
tion pore (PTP), has been suggested to be involved not only in apop-
totic but also in necrotic cell death, and autophagy55. The occurrence
of necrosis or apoptotic-type of cell death may depend upon the intra-
cellular levels of ATP, as was noted some years ago: if the ATP levels
fall, plasma membrane rupture occurs; if ATP levels are maintained, the
caspase-dependent apoptotic cascade can proceed14.

Proapoptotic Bax was previously reported to mediate the release of
cyto c through the opening of the PTP56. However, it has also been shown
that Bax triggers cyto c release from isolated mitochondria independent
of Ca2+-inducible PTP57. Activation of the receptors for neurotrophins
plays an important role in regulating the apoptotic activity of the BH3-only
proteins of the Bcl-2 protein family. One known example is the phospho-
rylation of Bad at Ser112 and Ser136 which mediates its sequestering
by the cytosolic protein 14-3-3, avoiding its heterodimerization with Bcl-
2 and Bcl-xL at the mitochondrial membrane. The signaling pathway
involves phosphatidylinositol-3-kinase (PI3K)/Akt (protein kinase B). In
contrast, if there is a Ca2+-dependent apoptotic stimuli such as Ca2+-
calmodulin induced activation, dephosphorylated Bad is released from
its 14-3-3 anchor and is translocated to the mitochondria14. It is then
free to execute its proapoptotic activity. In TSEs, it is known that Bcl-2
and Bax proteins are differentially expressed in the brains of hamsters
infected with 263K scrapie agent58. This study has shown that there
is decreased expression level of Bcl-2 and significantly increased ex-
pression level of Bax in the scrapie-infected animal model. In a sub-
sequent study, calcium/calmodulin-dependent protein kinase II (CaM
kinase II) was markedly elevated in cerebral cortex and hippocampal
CA1 regions of scrapie-infected mice59. In addition, it was shown that
in a PrP-deficient cell model, the increased expression of Bax results
in decreased expression of Bcl-2. These results are associated with re-
lease of cyto c and alteration of Ca2+ levels in mitochondria40. Taken
together, these studies suggest that imbalance of calcium homeostasis
may cause mitochondrial PTP formation; this, in turn, causes release of
cyto c to the cytosol of the cell. The consequence of the above is that
cytosolic protein Bad would be taken up by mitochondria membranes.
These changes then proceed sequentially to caspase-dependent apop-
tosis by activation of caspase-3.
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8.5.2. Activation of SOD and oxidative stimuli

The superoxide anion (O−
2 ) is generated in a constant manner by

normal mitochondria. An enhancement in O−
2 formation may be the basis

for cyto c release, as reported in cerebellar granule neurons undergoing
glutamate-induced excitotoxicity60.

It has been reported that the levels of malondialdehyde (MDA) and
heme oxygenase-1 (HO-1), which are oxidative stress markers, are
increased in brains of scrapie-infected mice41,61,62. The activity of Cu/Zn-
SOD, a cytosolic antioxidant enzyme which is responsible for scaveng-
ing ROS, was not affected by scrapie infection, whereas that of Mn-
SOD, a mitochondrial O−

2 scavenging enzyme, was markedly decreased
in scrapie-infected mice. The activity of SOD (Mn-SOD and/or Cu/Zn-
SOD) controls the levels of O−

2 by producing hydrogen peroxide (H2O2).
H2O2 is not very reactive, unless it encounters Fe2+ or Cu+ to form
the highly reactive and short-lived hydroxyl radical (·OH) by the Fenton-
Harber Weiss reaction63,64. Importantly, a decreased expression of Mn-
SOD was shown to induce oxidative stress and intensify apoptotic cell
death by increasing mitochondrial cyto c release and the activation of
caspases40−42.

8.5.3. Signal transduction pathways

ROS and antioxidants are known to influence the expression of a num-
ber of genes and signal transduction pathways14,43,65. Although many
pathways are known to be redox sensitive, none have been more thor-
oughly examined than the MAP kinase and NF-κB signal transduction
pathways. Many of the redox effects on cells are mediated either directly
or indirectly through these pathways, which contain multiple steps sen-
sitive to ROS. Because of the large number of studies of oxidants on the
various components of the MAP kinase and NF-κB signal transduction
pathways, we provide a brief overview of both pathways.

MAP kinases; Extracellular signaling molecules such as growth fac-
tors and cytokines induce changes in cell behavior via complex mech-
anisms that involve transmission of the signal from the plasma mem-
brane to the nucleus, where gene expression is altered66. The first
step of a signaling cascade usually involves the activation of recep-
tors that either have protein kinase activity or activate protein kinases
in the cytoplasm. The signal is eventually transmitted to the nucleus,
where it activates the transcription factors that regulate gene expres-
sion. One of the most studied families of signal transduction pathways
is the MAP kinase family. Four MAP kinase subfamilies have been iden-
tified to date; (1) extracellular regulated kinase (ERK)67−71, (2) c-jun
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NH2-terminal kinase/stress activated protein (JNK/SAP) kinase72−76, (3)
p38 kinase77−80, and (4) big MAP kinase (BMK/ERK5)81,82. All these
pathways contain redox-sensitive sites26.

In the ERK and JNK pathways, a guanine nucleotide exchange factor
such as the mammalian homologue of Sos83 activates Ras by conver-
sion of Ras-GDP to Ras-GTP84−86. It is known that activated Ras stim-
ulates production of copious amounts of O−

2
87. Activation of all MAP

kinases depends on dual phosphorylation of specific tyrosine (T) and
threonine (Y) residues, which are located on the TXY motif in the linker
loop 12 (L12) region of kinase subdomain VIII88. These reactions are
catalyzed by dual-specificity threonine and tyrosine kinases belonging
to the MAP kinase kinase (MKK) family. Members of the ERK, JNK, and
p38 MAP kinase subfamilies phosphorylate the COOH-terminal tran-
scriptional activation domain of Elk-1 and SAP-189−93, which then asso-
ciates with other nuclear proteins to form ternary complex factor (TCF).

Our recent data demonstrated that gene expression of the chemokine
RANTES (regulated on activation normal T cell expressed and se-
creted) was detected in hippocampal region of scrapie-infected mice,
mainly in reactive astrocytes and in PrP-amyloid deposits, whereas the
chemokine was not found in hippocampus of controls. Furthermore the
expression level of RANTES receptors, CCR1, CCR3 and CCR5, were
markedly elevated in the hippocampal region of scrapie-infected group,
especially in reactive astrocytes94. RANTES is a proinflammatory cy-
tokine that mediates leukocyte migration and activation. The action of
this signal molecule and the activation of its receptors (i.e. CCR1, CCR3,
and CCR5) may induce changes in cell behavior, thus inducing the
signaling cascade. In a subsequent study, we have shown that JNK,
p38, and ERK are increased in scrapie-infected animals. Furthermore,
the phosphorylated cAMP/calcium-responsive element binding protein
(CREB) which is a downstream transcription factor of active ERK, was
significantly increased in scrapie95. Indeed, NADPH oxidase, a major
ROS generator in cells, and ERK1/2, two MAPKs, have been identified
as targets of PrPC-mediated signaling96. This study provides evidence
of a PrPC-Fyn coupling-mediated signal cascade in a neuroectodermal
precursor cell line, 1C11. It was shown that the binding of anti-PrP an-
tibody to PrPC promotes NADPH oxidase activation and ERK1/2 phos-
phorylation in the 1C11 cell line and its neuronal derivatives, as well
as in GT1-7 hypothalamic cells and BW5147 lymphoid cells. These re-
sults indicate that PrPC signaling activity is not restricted to neuronal
cells. Moreover, common intracellular targets are recruited by the PrPC-
mediated signals and the nature of the signaling intermediates involved
in the PrPC transduction cascade varies depending on the cell con-
text. In addition, it has been demonstrated that PrP106-126, a synthetic
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peptide, maintains many PrPSc characteristics; it induces cell death and
activates caspase-3 through the p38 MAP kinase pathway in the SH-
SY5Y neuroblastoma cells and microglia cells97,98. Eventually, activation
of the cytokine receptors to the MAP kinase family of proteins is stimu-
lated in TSEs, suggesting that TSE agents are inducing many effects of
redox-sensitive stress by the MAP kinase pathways. Thus, these redox
changes exert downstream effects through increased ROS formation.

NF-κB; The NF-κB/Rel family of transcription factors is involved in
the regulation of numerous genes, including acute phase proteins, cell
surface receptors, and cytokines and they also regulate certain viral
genes14. The activation of antioxidant responses is mediated partially
through NF-κB, which has been found to be a factor involved in the
transcriptional regulation of Mn-SOD99,100. In the unstimulated state,
NF-κB is bound to inhibitory proteins (IκB), thus maintaining it in the
cytosol101. ROS activate NF-κB by causing the release of the IκB from
the NF-κB complex102.

Previously, it has been reported that the activity of NF-κB is increased
significantly in scrapie-infected mice; increased activity was most pro-
nounced in hippocampus and thalamus43. It also has been shown that
the staining of NF-κB is especially intense in reactive astrocytes and
PrP-amyloid plaques43. Also, the expression level of cyclooxygenase-2
(COX-2) was co-localized with PrPSc and with NF-κB in scrapie-infected
mice103. These results indicate that upregulation of COX-2 in reactive
astrocytes may be related to accumulation of PrPSc. The proposal has
been made that PrPSc accumulation in reactive astrocytes may acti-
vate NF-κB through increase of ROS production and in turn, lead to
alterations of NF-κB-mediated gene expression. The result showing in-
creased expression of heme oxygenase-1 (HO-1) in scrapie-infected
rodents62 combined with the fact that NF-κB is one of the transcription
factors for HO-1 supports the correlation between increased oxidative
stress and activation of NF-κB signaling pathway. Furthermore, gene
expression of IL-6 and iNOS, representative target genes of NF-κB ac-
tivation, was detected only in the scrapie-infected group43,104.

8.5.4. Other factors inducing mitochondrial
dysfunction by activating ROS and/or
oxidative stress

There are a number of other factors that can cause ROS. In this
section, we present studies on iron, copper, phospholipase D (PLD),
and AGEs as potential activating factors of ROS and/or oxidative stress.
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Iron; As another approach to the study of oxidative stress re-
lated to neurodegeneration, we examined the relationship between iron
metabolism and scrapie infection in different scrapie strain-host com-
binations. Previously, we have reported that the levels of total and fer-
ric (Fe3+) iron were significantly increased and that the redox state of
iron was changed in cerebral cortex, striatum and brainstem by scrapie
infection63. The change of iron redox state in favor of Fe3+ is known to
be a condition for iron to participate in the hydroxyl radical (·OH) for-
mation and lipid peroxidation. In addition, the expression levels of iron
regulatory proteins (IRPs; IRP1 and IRP2), which are known as iron
sensing proteins, and its binding protein, iron response element (IRE),
are altered in scrapie-infected rodents105,106. These results indicate that
changes in iron content and its redox state may accompany the increase
of ROS generation. These changes may cause mitochondria-dependent
oxidative damage to neurons, leading to neurodegeneration in TSEs.

Copper; Copper is a transition metal ion that has intrinsic capability
to cycle between oxidized Cu (II) and reduced Cu (I) forms. Copper acts
as a cofactor in many enzymes that play key roles in cell metabolism. In-
deed, in the presence of hydrogen peroxide (H2O2), trace amounts of Cu
(I) may catalyze the production of hydroxyl radical (Fenton’s reaction).
Oxidative stress is amplified by copper reactivity, leading to the impair-
ment of essential molecules such as lipids, proteins, and DNA107. The
primary antioxidant defense of cells against ROS production is mediated
by the Cu/Zn-SOD108.

The mitochondrial matrix shows the presence of a Mn-SOD while the
intermembrane space (IMS) has a small amount of Cu/Zn-SOD which
is primarily a cytosolic enzyme42. The network of distribution of copper
to the mitochondria is targeted by a chaperone called Cox17, localized
both in the cytosol and in the IMS of mitochondria. Cox17 appears to
be fundamental for the insertion of copper in the mitochondrial enzyme
cytochrome c oxidase (Cytox). In its active assembled form, Cox17 con-
tains three copper ions, and it is then capable of inducing mitochondrial
respiration. Furthermore it has been shown that proper delivery of cop-
per to mitochondria is critical for the maturation and assembly of the
individual Cytox subunits into the functional holoenzymes109. The find-
ing that Cu/Zn-SOD is located at the IMS42,109 extends the role played
by copper in mitochondria, from driving energy production by Cytox,
to counteracting ROS by Cu/Zn-SOD. The presence of mechanisms
against ROS in mitochondria suggest that oxidative damage to mito-
chondrial DNA, enzymes, and the electron transport complexes must
be deleterious to mitochondrial function.

Phospholipase D (PLD); It has been reported that phospholipase
D (PLD) can be induced by ROS and that breakdown of phospholipids
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by PLD can be recognized as an important signaling mechanism in the
CNS110. Recently, we found that the expression level and enzyme activity
of PLD1, which is an isozyme of PLD, were significantly increased in the
brains of scrapie-infected group, especially in mitochondrial fraction111.
In addition, PLD1 immunoreactivity was significantly increased in cere-
bral cortex and hippocampus of infected brain, especially in reactive
astrocytes. These results suggest that PLD1 activation by scrapie in-
fection may affect mitochondrial lipid metabolism and in turn, lead to
cellular dysfunction during the pathogenesis of TSEs. In mitochondria
of scrapie-infected mice, the level of the oxidized form of glutathione
(GSSG) was markedly increased, whereas mitochondrial membrane po-
tential and energy metabolisms (ATP/ADP ratio) were decreased. It is
possible that alterations of mitochondrial lipid metabolism leads to al-
teration of mitochondrial permeability and of energy metabolism due
to a disturbed mitochondrial respiratory system. These changes may
be accompanied by abnormal calcium accumulation in the mitochon-
dria of scrapie-infected rodents. Thus, mitochondrial dysfunction can be
caused by oxidative damage, abnormal calcium accumulation and al-
tered energy metabolism. Mitochondrial dysfunction can certainly con-
tribute to neurodegeneration in TSEs.

Advanced glycation end products (AGEs); AGEs are one of the
carbohydrate modifications associated with oxidative stress. AGEs have
been reported to be associated with the pathogenesis of vascular dis-
ease, AD and PD, suggesting that AGEs may contribute to the progres-
sive deterioration associated with all chronic diseases. Tau is a protein
associated with paired helical filaments (PHFs), which play an important
role in AD pathology. Tau is advanced-glycated in AD and the delete-
rious effects of AGEs may be associated with oxidative stress112−114.
We have shown that AGEs develop during TSEs115. We reported that
one or more lysines at residues, 23, 24 and 27 of PrPSc are cova-
lently modified with AGEs, yielding carboxymethyl-lysine (CML), one of
the chemical varieties of AGEs. The nonenzymatic glycation of amino
groups of proteins, termed the Maillard reaction, produces reversible
Schiff bases and Amadori products. These early glycated products then
undergo advanced glycation and oxidation (glycoxidation), which elicits
irreversible modification, to form heteromorphic and fluorescent deriva-
tives of AGEs115. It is possible that post-translational AGE-modification
of PrPSc might play a role in protein stabilization and thereby be respon-
sible, in part, for the accumulation of the aberrant protein in the brain.
In summary, our results with AGE modification indicate that nonenzy-
matic glycation plays a role in the post-translational processing of PrPSc.
Furthermore, the deleterious effects of AGEs may be associated with
oxidative stress113,114,116. These studies support the concept that the
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Figure 8.1. Possible oxidative stress mechanisms and signaling pathways in prion
diseases. PrPC, cellular normal form of host prion protein; PrPSc, scrapie or abnormal
form of prion protein; AGE, advanced glycation end product; ROS, reactive oxygen
species; PLD, phospholipase D; IRPs, iron regulatory proteins; NF-κB, nuclear factor-
κB; ATM, ataxia-telangiectasia mutated kinase; ERK, extracellular regulated kinase;
JNK, c-jun NH2-terminal kinase; p38, MAP kinase protein; JAK, Janus kinase; STAT,
signal transducers and activators of transcription.
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conformational changes of PrPSc protein caused by glycation may be
involved in the activation of ROS signaling pathway, cause mitochondrial
dysfunction and thereby may contribute to neurodegeneration in TSEs
(Figure 8.1).

8.6. Conclusion

Here, we briefly reviewed and discussed the current research on
TSEs, particularly focused on demonstrating that increased oxidative
stress and mitochondrial dysfunction can contribute to neurodegen-
erative processes. In this context, alteration of calcium metabolism,
regulation of SOD activities, activation of ROS-mediated signal
transduction pathways, disturbances in regulation of iron and copper,
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Figure 8.2. Possible cell death mechanisms of neurodegeneration via mitochondria
in prion diseases by oxidative stress. Bax, Bcl-2-associated X protein; PARP, poly(ADP-
ribose) polymerase.
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PLD, and formation of AGEs may be closely related to mitochondrial
damage and pathogenic mechanisms of neurodegeneration in TSEs.

Neurons are highly dependent on glucose for ATP generation that
is necessary for many biochemical processes. Neurons also produce
ROS as by-products of oxidative phosphorylation within their mitochon-
dria. If the amounts of ROS produced overcome the antioxidants, ox-
idative stress occurs, often followed by neuronal damage. The CNS
is particularly susceptible to ROS-induced damage117 because, (1) it
has a high consumption of oxygen; (2) it contains high levels of mem-
brane polyunsaturated fatty acids susceptible to free radical attack; (3)
it is relatively deficient in oxidative defenses (poor catalase activity, and
moderate SOD and glutathione peroxidase activities); and (4) a high
content of iron and ascorbate can be found in some regions of the CNS,
enabling the generation of more ROS through the Fenton-Haber Weiss
reaction.

The mode of cell death by mitochondrial dysfunction, necrosis vs.
apoptosis, in the pathogenic process of TSEs still remains to be eluci-
dated. Part of the uncertainty is related to the fact that increased levels of
calcium in mitochondria is a characteristic feature of both necrosis and
apoptosis. The observation that altered calcium metabolism is related
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to mitochondrial dysfunction in scrapie-infected animals argues in favor
of the concept that these changes contribute to necrotic cell death.
However, results in experiments with neuronal cells under oxidative
stress conditions, which activate ROS signaling, support the apoptotic
pathway of neurodegeneration. Therefore, neuronal cell death, which
gives rise to neurodegeneration in TSEs, can occur either by apoptosis
or necrosis via mitochondrial dysfunction. Our understanding of these
two cell death mechanisms in TSEs is summarized in Figure 8.2, which
shows the necrotic pathway on the right and the apoptotic pathway on
the left.

Thus, it remains to be established if the oxidative stress effect on
mitochondria plays a causative role in the neurodegenerative process in
TSEs or is a consequence of the disease. Nevertheless, we are confident
that PrPSc replication affects mitochondria and that this organelle plays
an important role in oxidative stress and in apoptotic cell death in TSEs.
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9.1. Introduction

According to the protein only hypothesis, an abnormal isoform of the
host encoded prion protein (PrPC), referred to as PrPSc, is the sole or
major component of the infectious agent the “prion” causing transmis-
sible spongiform encephalopathies1. PrPC expression is required for
PrPSc propagation and was definitively established by the resistance of
PrP null mice to infectious prions2. PrPC is absolutely required for not
only infectivity, but also PrP associated neurotoxicity3. This was demon-
strated by grafting of embryonic telencephalic tissue from transgenic
mice overexpressing PrP into the brains of PrP null mice and inocu-
lating the PrP expressing graft with mice prions. The PrP expressing
grafts accumulated high levels of infectious PrPSc, and developed severe
histopathological changes characteristic of spongiform encephalopathy.
Surprisingly, the graft derived PrPSc which migrated to areas of the PrP
null host brain had no neuropathology, suggesting toxicity requires PrPC

expression. Whilst these studies highlight the absolute requirement of
neuronal PrPC expression for prion infection and toxicity, numerous stud-
ies to be discussed in this review illustrate a demarcation between prion
infectivity and toxicity. Interestingly, infectivity can be present in wild-type
brains in the absence of neurotoxicity and conversely neuropathology
can be present in the absence or low levels of PrPSc. Collectively this
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data question PrPSc as the sole neurotoxic molecule, the nature of the
toxic entity and its relationship to prion infectivity.

PrPSc is derived from PrPC by a post-translational mechanism4, sug-
gesting that in vitro generation of prions from highly purified recombi-
nant PrP should be possible. Conversion reactions using purified ham-
ster PrPC and a large excess of hamster PrPSc 5 can be stimulated by
chaotropes, detergents or chaperone proteins5−7 to generate protease
resistant PrP. However the converted PrP is not infectious and is referred
to as PrPres 8. These data strongly suggest that cellular factors, other
than those added in vitro, are necessary for the acquisition of infec-
tious properties. Due to the difficulty in isolating pure infectious PrPSc

and detecting the toxic and or transmissible agent at the molecular level,
synthetic PrP peptides are utilised to model prion disease in vivo and
unravel the enigma associated with PrPSc infectivity and toxicity. This
review will detail some of the neurotoxic mechanisms revealed by syn-
thetic PrP peptides and PrPSc and provide a summary of the literature
suggesting an uncoupling between prion infectivity and toxicity.

9.2. Synthetic PrP peptides as models to study
PrPSc neurotoxicity

Neurodegenerative diseases aside from prion disease are associated
with protein misfolding and concomitant neurotoxicity. Although these
diseases are not transmissible, the toxic mechanisms associated with
disease are similar. An example of this is the neurotoxic amyloid-β (Aβ)
peptide which is the principal constituent of the extracellular amyloid de-
posits in Alzheimer’s disease9. Aβ is a 42–43 amino acid peptide, formed
from amyloid precursor protein by proteolytic processing (Figure 9.1).
The neurotoxic effect of Aβ was explored initially using rat PC12 cells
transfected with Aβ. The viability of these cells was decreased signifi-
cantly and treatment with an antibody against Aβ reversed this deficit10.
Subsequently, primary rat hippocampal cells were treated with syn-
thetic peptide or fragments of synthetic peptide corresponding to the Aβ

sequence, and exhibited reduced neuronal survival indicating a direct
neurotoxic effect of Aβ11.

On the basis of these observations Forloni et al (1993) created syn-
thetic peptides corresponding to the PrP present in amyloid deposits
from the cerebral cortex of patients affected by the human prion disease,
Gerstmann-Stäussler-Scheinker Syndrome (GSS). The effects of syn-
thetic PrP peptides on the viability of primary rat hippocampal cultures
was tested and a peptide homologous to a highly conserved region of the
prion protein, residues 106-126 (PrP106-126), exhibited physiochemical
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Figure 9.1. Schematic of (a) PrPC, PrPSc and PrP106-126 (b) Amyloid precursor
protein and Amyloid-β peptide. Bold residues represent metal binding site ligands.
Hydrophobic sequences are underlined.

properties resembling PrPSc (Table 9.1). Significantly, PrP106-126 had a
neurotoxic effect when applied to primary rat hippocampal cells, trigger-
ing neuronal death by apoptosis12. In contrast, other PrP peptides such
as PrP57-64, PrP89-106, PrP106-114, PrP127-135, PrP127-147, did
not significantly reduce cell viability, further suggesting that PrP106-126
represents a principal toxic component in prion disease. Unlike the Aβ

peptide utilised in Alzheimer’s research, PrP106-126 is not a naturally

Table 9.1. Similarities and differences between PrPC, PrPSc and PrP106-126.

PrPC PrPSc PrP106-126

� normal cellular form
� proteinase K sensitive
� alpha helical structure
� binds copper

� abnormal isoform
� proteinase K resistant
� beta sheet structure
� binds copper
� forms amyloid
� toxic to neurons

� synthetic peptide
� proteinase K resistant
� beta sheet structure
� binds copper
� forms amyloid
� toxic to primary neurons
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occurring peptide, questioning the physiological relevance of these ex-
periments. However, the absolute requirement of PrPC expression for
PrP106-126 toxicity validates its use as a model peptide for PrPSc, with
PrP null neurons showing no alteration in cell viability when exposed
to the peptide13. Furthermore, a longer synthetic PrP peptide, PrP82-
146, identical to a natural PrP peptide fragment found in plaques from
patients with GSS also forms amyloid fibrils and is toxic to neurons in
culture, suggesting physiological relevance. Due to the difficulty in iso-
lating infectious PrPSc to homogeneity in vitro, PrP106-126 is the most
widely used synthetic peptide to model prion associated toxicity.

9.2.1. Physiochemical and toxic properties
of PrP106-126

Prion disease in animals and humans is characterised by accumula-
tion of PrPSc (sometimes as amyloid deposits14), astrogliosis and neu-
ronal loss, resulting in spongiform vacuolation15. Homologous to PrP,
the structure of PrP106-126 is highly hydrophobic and exhibits struc-
tural plasticity which is modulated by pH, ionic strength or a membrane
like environment16,17 (Table 9.1). PrP106-126 has a marked tendency
to form stable β-sheet structures at acidic pH and in the presence of ar-
tificial membrane liposomes PrP106-126 secondary structure changes
from a random coil to a predominantly β-sheet arrangement (16). The
hydrophobic core sequence of PrP106-126 modulates formation of its
stable β-sheet secondary structure18 and like PrPSc is partially resistant
to proteinase K digestion. Mutations that lower the hydrophobicity of the
hydrophobic core ablate PrP106-126 neurotoxic activity, highlighting the
importance of β-sheet formation18.

PrP106-126 is highly amyloidogenic and readily forms amyloid fibrils
in solution, which exhibit morphological, tinctorial, optical and confor-
mational properties similar to those found in vivo12,16,17,19. There is
conflicting data regarding the necessity of an amyloidogenic state for
neurotoxicity as non-amyloidogenic neurotoxic variants of PrP106-126
can precede the formation of mature amyloid20. Furthermore, in a non-
amyloidogenic state PrP106-126 can cause cell death, suggesting amy-
loid formation is not necessary for the toxic activity of the peptide19,21. It
is likely that both highly aggregated insoluble material with high β-sheet
content and insoluble non-aggregated material with low β-sheet content
are capable of mediating PrP106-126 neurotoxicity22. This has similarity
to recent studies in Alzheimer’s disease where soluble oligomers, rather
than the protease-resistant plaque, are the neurotoxic species23,24

(Table 9.2).



Mechanisms of Prion Toxicity 221

Table 9.2. Similarities between the natural Amyloid-β peptide and syn-
thetic PrP106-126 peptide.

� Forms amyloid
� Hydrophobic and copper binding regions
� Soluble & insoluble form are toxic to primary neurons
� Activates microglia
� Triggers primary neuronal cell death via apoptosis
� Upregulation of arachidonic acid pathway through the 5-lox pathway
� Causes oxidative stress
� Changes Ca2+ homeostasis
� Interaction with Cu2+ ions
� Can be of sporadic or genetic origin

9.2.2. Requirement of PrPC for PrPSc and
PrP106-126 toxicity

Neuronal cultures from PrP knockout mice incubated with PrP106-
126 show survival rates equal to or greater than that of untreated
wild-type cultures, demonstrating the necessity of PrPC expression for
PrP106-126 toxicity13. This mimics the requirement of PrPC for prion
infectivity in vivo3. Cultured neurons from transgenic mice overexpress-
ing PrPC 8-10 fold more than endogenous levels (Tg35 mice), have in-
creased susceptibility to PrP106-126 toxicity25, however transgenic mice
which over express PrPC 12-14 fold (Tg20 mice) are no more sensitive
to the peptide than Tg35 mice. Microglia express PrPC 26−28 and inter-
estingly the microglia in Tg35 mice express more PrPC than wild-type
or Tg20 mice microglia25, suggesting that in addition to neuronal PrPC

expression, the level of microglial PrPC expression influences the degree
of PrP106-126 toxicity.

9.2.3. The involvement of microglial PrPC

expression in PrPSc and PrP106-126 toxicity

Microglia function as macrophages in the central nervous system and
upon activation by inflammatory stimuli migrate to sites of injury releas-
ing a variety of factors including cytokines and acute phase proteins29.
When microglia are activated due to a certain pathological imbalance,
the inflammatory factors and reactive oxygen species they produce con-
tribute to neuronal degeneration, as observed in Alzheimer’s disease30.
A role for microglia in prion disease has been confirmed in vivo28,31−36.
Mice with clinical signs of prion disease demonstrate microglial acti-
vation in brain areas with PrPSc deposition34−36, neuronal apoptosis
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and vacuolation32,33. Microglial activation precedes apoptotic neuronal
death37 and both the time course and the spatial distribution of mi-
croglial activation closely resembles the pattern of PrPSc deposition in
vivo, suggesting microglial activation is involved in the neurotoxicity of
PrPSc28

. PrPC expressing microglia affect the neurotoxicity of PrP106-
126 in vitro, with PrP106-126 toxicity dependent upon both neuronal
and microglial PrPC expression2,25. PrP106-126 activates PrPC express-
ing microglia in vitro38,39 and it is hypothesised that the degree of ac-
tivation is dependent upon the level of microglial PrPC expressed40.
Microglia appear to be activated by PrP106-126 or PrPSc, in a similar
manner to that which occurs with Aβ41,42; an inflammatory response is
initiated via a tyrosine kinase signaling cascade43 which induces in-
flammatory gene expression, increasing reactive oxygen production,
inflammatory cytokines and other potential neurotoxins38. In addition,
PrP106-126 induces microglial DNA synthesis, thereby increasing mi-
croglia numbers and enhancing the subsequent inflammatory response,
however this effect appears to be independent of microglial PrPC

levels44.

9.2.4. Subcellular investigation of PrPSc and
PrP 106-126 toxicity

Astrogliosis is one of the hallmarks of prion disease14 and occurs late
in the course of prion disease, following accumulation of PrPSc45,46

and
microglial activation31. The major astrocytic function is to support neu-
rons by regulating extracellular glutamate levels47. Glutamate is an exci-
tatory neurotransmitter, responsible for neuronal N-methyl-D-aspartate
(NMDA) receptor activation. Regulation of extracellular glutamate is crit-
ical, as high glutamate concentrations are toxic to neurons48.

PrPSc and PrP106-126 neurotoxicity involves activation of NMDA
receptors in neuronal cells49,50 as NMDA receptor antagonists pro-
duce a neuroprotective effect against prion toxicity50−52. In response to
NMDA receptor stimulation, intracellular Ca2+ is increased53, resulting
in upregulation of arachidonic acid (AA)54,55 presumably through the 5-
lipoxygenase pathway (5-lox)56. Quinacrine, which inhibits PrP106-126
toxicity56 is proposed as a potential therapeutic based on its ability to
cross the blood-brain barrier and prevent the conversion of PrP into
PrPSc in cell culture models57. However an in vivo study has showed
no efficacy58.

High levels of AA have a positive feedback response on NMDA re-
ceptors, potentiating further Ca2+ influx and subsequently up-regulating
AA catabolism. The AA generates oxidised metabolites which are
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toxic to neuronal cells and triggers the synaptic release of glutamate
which promotes further NMDA activation52 and inhibits glutamate up-
take by astrocytes54,59. Factors released from activated microglia follow-
ing PrP106-126 treatment include Interleukin-1 (IL-1) and Interleukin-6
(IL-6)38,60. These factors not only stimulate astrocyte proliferation in
vitro61 but also up-regulate AA pathways62,63, abetting the neurotoxic
effect of glutamate. Interestingly, mice expressing PrPC exclusively in
astrocytes64 are susceptible to prion disease. This was shown by ap-
plication of PrP106-126 in cell culture systems, whereby PrP106-126
caused the death of PrP null neurons when PrP expressing astrocytes
were present in the cultures65. The PrP null neuronal cell death is be-
lieved to occur because of increased astrocytic glutamate release66 and
inhibition of clearance of extracellular glutamate67, leading to increased
activation of neuronal NMDA receptors. Collectively this data suggests
a role for PrPC in glutamate uptake50.

9.2.5. The role of copper in PrPSc and
PrP106-126 toxicity

Physiologically, copper is necessary for synaptic transmission and
is an integral component of multiple cellular enzymes, including cy-
tochromes and superoxide dismutase68. The prion protein is highly con-
centrated at the synaptic cleft of neuronal cells and selectively binds
Cu2+ ions in vivo and in vitro69−72. A role for copper in prion disease
is suggested from studies in mice inoculated with mouse prions or hu-
mans with Creutzfeldt-Jakob disease. In both cases there is a reduction
in brain copper levels73,74. The N-terminal octameric repeat region of
PrP is highly conserved in mammals75,76. It has been established by
several laboratories that copper binds and interacts with PrPC at this
hydrophobic region, inducing conformational change71,77,78, raising the
possibility that copper may trigger some functional alteration in PrPC79

.
Interestingly, the N-terminal polar region of PrP106-126 contains a high
affinity binding site for copper and mutagenesis of the metal binding
site ablates the neurotoxic activity of PrP106-126, demonstrating the
requirement of metal binding for PrP106-126 toxicity80. At physiological
pH, aggregation of PrP106–126 is critically dependent on copper and
zinc binding80, further, altering the levels of copper in the culture me-
dia modulates PrP peptide toxicity as does addition of a copper chela-
tor (50).

PrP null mice have reduced superoxide dismutase activity and are
more vulnerable to oxidative stress81−83, suggesting PrPC can protect
cells against oxidative stress and copper toxicity via metabolism or
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transport of copper at the synaptic cleft84,85. Whilst PrPC binds copper
at physiological concentrations, it does not appear to transport copper
from the extracellular medium to the cytoplasm86. A role for astrocytes
in the uptake and clearance of copper released by neurons has recently
been suggested. It is hypothesised that PrPC collects copper from the
extracellular environment and shuttles it to astrocytes, protecting neu-
rons from copper toxicity87.

9.2.6. The role of calcium in PrPSc and
PrP106-126 toxicity

In comparison to wild-type mice, neuronal preparations from PrP
null mice have disrupted synaptic transmission and show weakened
γ-aminobutyric acid type A (GABAA) receptor-mediated fast inhibition
and impaired long term potentiation88. This deficit can be reversed by
reintroducing PrP expression89.

Neuronal cells from PrPC null mice appear to have abnormal electro-
physiological properties such as disrupted Ca2+ activated K+ currents
in particular in outward late after-hyperpolarization currents90,91. Stud-
ies with cultured prion infected cells indicated PrPSc can alter recep-
tor mediated calcium response92,93 and these alterations in excitability
were also demonstrated in electrophysiological studies on prion infected
mice94 and hamsters95 suggesting neuronal cell loss might be due to de-
creased Ca2+ entry and reduced intracellular free Ca2+ levels. This was
confirmed in PrP null mice which had reduced Ca2+ -activated potas-
sium currents due to an alteration in intracellular calcium homeostasis
(48). PrP106-126 can alter Ca2+ levels in neuronal and glial cells39,96,97.
The neurotoxic effect of the peptide was found to be reduced by com-
pounds which block voltage-gated Ca2+ channels (VGCCs)49, and fur-
ther studies gave evidence of a direct alteration of L-type VGCCs by
PrP106-126 suggesting this phenomenon is related to cell death in-
duced by PrP106-12698.

9.3. Other neurotoxic PrP peptides

Whilst PrP106-126 is the most studied of the PrP toxic pep-
tides, other peptides have been identified as neurotoxic. The PrP178-
193 peptide which corresponds to a PrP α-helical region, promotes
Cu2+ -induced lipid peroxidation and cytotoxicity in primary neuronal
cultures99. Furthermore, several point mutations of the PrP gene have
been associated with prion disease. A mutation at residue 102 altered
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the biological activity of the PrP89-106 peptide causing it to became
neurotoxic without changing its fibrillogenic capacity100. A mutation at
residue 178 in the PrP169-185 peptide strongly increased the neu-
rotoxic activity of the peptide with no clear alteration of its structural
conformation100.

The majority of neurotoxic PrP peptides tested include the 106-
126 sequence. Four predicted α-helical regions which comprise the
PrP106-126 sequence, when synthesised as individual peptides such
as, PrP109-122101 and PrP109-141102 form β-sheets and PrP106-147
forms amyloid103.

The ability to reconstitute in vivo, susceptibility to prion infection in
PrP null mice has delineated PrPC regions dispensable for susceptibility
to prion disease. PrP null mice overexpressing the PrP gene with dele-
tions from either residues 32-80104 thus maintaining one octarepeat or
32-93, devoid of all octarepeats are susceptible to prion disease105,106. A
truncated PrP gene of 106 amino acids with two large deletions (residues
23-88 and 141-176) expressed in PrP null mice confers susceptibility
to prion disease107 and the corresponding synthetic peptide has similar
neurotoxic effects in vitro as PrP106-126108. These studies indicate that
at least 60 residues of the N-terminal region of mature PrPC are expend-
able for prion propagation, but the critical residues spanning 106-126
comprise part of the crucial PrP sequence necessary for susceptibility
to prion disease.

9.4. Is prion infectivity the same as prion toxicity?

The studies detailed above clearly demonstrate fragments of PrP can
be neurotoxic but how this relates to disease transmission is unclear.
Examples exist where PrP toxicity can be uncoupled from transmission,
thus questioning our understanding of prion disease.

9.4.1. Infectious PrPSc in the absence
of neurotoxicity

Prion infected animals have been traditionally diagnosed based
on clinical symptoms and neuropathological examination after death.
The lack of clinical signs was assumed to reflect a failure of prion
transmission109. However, the prion disease incubation period can ex-
ceed an animals natural life span and tissue from asymptomatic infected
mice is capable of causing clinical disease when transmitted into healthy
mice110. This is referred to as subclinical prion disease and applies to
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animals harbouring high levels of infectivity without exhibiting any clinical
signs of disease during their normal lifespan111. The subclinical models
discussed below suggest that the mere presence of PrPSc is not enough
to cause neurotoxicity.

The most widely used model examining transmission of prion disease
between different species, utilizes mice inoculated with hamster scrapie
strain 263K. The 263K hamster strain had been reported to be non-
pathogenic to mice109,112, based on the absence of clinical symptoms
and terminal disease within the normal lifespan of the infected animal.
However evidence of detectable PrPSc propagation was not investigated.
Whilst the transmission of disease was noted in hamsters inoculated with
extracts from clinically normal 263K infected mice, it was concluded the
infectivity was due to the presence of the original inoculum and that de
novo replication had not occurred113. This view has been challenged
with recent experiments which utilised antibodies to distinguish between
mice and hamster 263K PrPSc and identified high levels of mouse PrPSc

(and not hamster) in mice with no clinical signs of prion disease111. More-
over, the transmission of these latent prions into further mice caused
terminal prion disease114.

Subclinical disease can also occur when prions are passaged within
the same species. Frigg et al (1999) investigated PrP expression
in B-lymphocytes and discovered that mice lacking differentiated B-
lymphocytes can harbor PrPSc in their brains following peripheral chal-
lenge with prion infection, yet do not develop clinical symptoms115.
Brain material from these mice resulted in transmission of clinical dis-
ease. Interestingly, the immunodeficient mice harbored infectious titers
equaling or even exceeding those of terminally sick wild-type con-
trols. Typically, studies such as those discussed above, have utilised
intracerebral injected high dose inoculum to produce subclinical in-
fection. However, mice injected with dilutions of inoculum below end
point titration can harbor similar levels of infectivity as terminally ill
mice without exhibiting clinical signs of disease116. Moreover, the oral
route, which is considered the most likely mode of transmission in nat-
ural prion diseases, can induce subclinical prion disease in wild-type
mice117.

Evidence of a disassociation between PrPSc and neurotoxicity is also
observed in mice with clinical disease3,118. Mice with only one functional
PrP allele express half the level of PrP as wild-type mice and accumulate
infectivity levels as high as wild-type mice, but develop terminal disease
only after an extended incubation period118. The presence of PrPSc in
the absence of neuropathology or clinical symptoms seriously questions
whether infectious PrPSc is by itself highly neurotoxic.
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9.4.2. Neurotoxicity in the absence or low
levels of PrPSc

Evidence that PrPSc is the toxic entity in prion disease arises from the
correlation that is often observed between the accumulation of PrPSc

and the appearance of neuropathology and clinical symptoms45,119.
Whilst PrPSc copurifies with infectivity120, neuropathology can develop
in the absence or very low levels of PrPSc.

Fatal familial insomnia (FFI) is a human prion disease, presenting
severe neuropathological features, yet PrPSc levels are low or even
undetectable121,122. In some cases fatal familial insomnia can be trans-
mitted to susceptible animals, confirming the presence of infectious
prions123,124. Likewise, bovine spongiform encephalopathy (BSE) can
be transmitted to mice in the absence of detectable PrPSc. Mice infected
with homogenate from BSE-infected cattle, exhibited neurological symp-
toms and neuronal death, however more than 55% had no detectable
PrPSc125

.
Mice expressing PrPC lacking residues 32-93 are susceptible to prion

disease105,106. Interestingly, there is no neuropathology typical for mice
prion disease and terminally ill animals have infectivity levels 10–30
times lower and prion titers 30–50 times lower than their wild-type coun-
terparts, indicating a dissociation between PrPSc and clinical disease105.
Mouse cell lines infected with a mouse adapted human strain of CJD can
propagate PrPSc and provides further evidence of uncoupling between
PrPSc and infectivity126. After several passages in culture following the
initial infection a 650-fold increase in infectivity bioassays was noted.
However the level of PrPSc, as detected by Western blot, increased only
2-fold. Whereas PrPSc indicated persistent infection, the amount was
not quantitatively related to infectivity.

9.5. Conclusion

Similar to the Aβ peptide in Alzheimer’s disease, a synthetic PrP pep-
tide with a hydrophobic C-terminal sequence can induce neurotoxicity
(Table 9.2). PrP106-126 in contrast with other PrP fragments, is fibril-
logenic, has proteinase resistant properties and induces astrogliosis in
primary neuronal cultures. Although this fragment has not been detected
in amyloid deposits of prion disease brain, the 106-126 sequence is an
integral part of abnormal PrP isoforms and a crucial sequence for sus-
ceptibility to prion disease. PrP106-126 has proven to be a useful model
for studying neurotoxicity in prion disease due to the difficulty in isolating
pure PrPSc.
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An unresolved question is how neurotoxicity relates to infectivity? Nu-
merous studies have shown that irrespective of whether subclinical or
terminal disease occurs following prion inoculation, there is a lack of
correlation between PrPSc levels, prion infectivity and prion neurotoxic-
ity. While PrPSc may directly cause some neurodegeneration, these data
question PrPSc as the sole neurotoxic molecule in prion disease and the
nature of the neurotoxic entity.

The absolute requirement of PrPC expression for infection and toxi-
city, suggested prion disease may be due, at least in part, to the loss
of PrPC function. However, the generation of “healthy” PrP knockout
mice, argued against this127. Furthermore, complete ablation of PrP
expression in adult mice using conditional gene expression does not
cause disease thus excluding the possibility that PrP null mice do not
develop neurodegeneration because of compensatory adaptations dur-
ing neurodevelopment91. One hypothesis is that the principal factor
determining the clinical outcome of prion infection is the conversion
rate of PrPC to PrPSc. Tg20 mice, which express 12–14 fold more
PrPC than wild-type, succumb to terminal disease more rapidly than
wild-type mice and terminal disease is associated with low levels of
PrPSc104

. Conversly, mice that express half the wildtype level of PrP
have long disease incubation periods, associated with high levels of
PrPSc118

.
It is possible that a neurotoxic intermediate species, designated PrPL,

whereby ‘L’ stands for lethal, is produced in the conversion of PrPC to
PrPSc whereby PrPSc is a highly aggregated material that could be a
relatively inert end-product124 (Figure 9.2). Different forms of PrP, such
as an alternative topological variant called CtmPrP has been proposed as
the neurotoxic intermediate128. It is suggested that the amount of PrPSc

that accumulates is inversely related to the amount of CtmPrP present,
indicating that CtmPrP rather than PrPSc may be the proximate cause of
neurodegeneration129,130. Whether toxic but non-infectious forms of PrP
are generated as intermediates and in addition to PrPSc are the primary
neurotoxic species is unknown.

The rate at which PrPL is formed could determine the severity of
neurodegeneration124. Such intermediates may form slowly and be
cleared or tolerated by the host at low levels, providing some expla-
nation for the long incubation periods and progressive accumulation of
the PrPSc end product (Figure 9.2). Over time the intermediate accumu-
lates until a threshold is reached resulting in neurotoxicity. In Tg20 mice,
the high level of PrP expression may hasten the conversion reaction in
inoculated animals, yielding more toxic intermediate product at a faster
rate compared to wild-type mice. Consequently there is no extended
incubation period and PrPSc has limited time to form. It is plausible that
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Figure 9.2. PrPC; normal cellular form. PrPSc; abnormal partially toxic and infectious
form. PrPL; abnormal toxic form. PrPC expression or suboptimal conditions may de-
termine the fate of PrPL. PrPL may be cleared or tolerated by the host at low levels,
hence the end-product, PrPSc, accumulates overtime (Subclinical disease). Conversly,
conditions that quicken the formation of PrPL, may overwhelm clearance mechanisms,
leading to accumulation of PrPL to neurotoxic levels, consequently PrPSc has limited
time to form. Accumulation of PrPL may lead to NMDA receptor activation, increase in
Ca2+ activity, upregulation of AA (5-lox pathway) and consequently neurotoxicity leading
to death (FFI).

subclinical disease is the result of suboptimal conditions and the critical
threshold for PrPL may not be reached or maintained.

The literature reviewed in this chapter collectively raise questions on
the relationship between PrPSc, infectivity and toxicity. What is the na-
ture of the infectious agent? What is the neurotoxic molecule associated
with prion disease? Which cellular proteins assist in PrPC conversion into
toxic PrP? How can we interfere with this conversion? The answers to
these questions will ultimately lead to early diagnosis and treatments
as the accumulation of PrPSc is currently used for biochemical diag-
nosis of TSEs. We need other markers of prion disease, that allow us
to test for prion infectivity in the absence of PrPSc or vice-versa. The
studies discussed here suggest a demarcation between infectious pri-
ons and neurotoxic prions, whereby infectious PrPSc can be present in
the brain without causing neurotoxicity and conversely neuropathology
can develop in the absence or low levels of PrPSc. These discrepancies
indicate that alternative forms of PrP, distinct from infectious PrP and/or
unidentified cellular factors, may be involved in the mechanisms of prion
toxicity.
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A STONE GUEST ON THE BRAIN:
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10.1. Introduction

There has been considerable interest in determining the mechanism
of conversion of the normal cellular form of the prion protein (PrPc) into a
protease resistant form (PrPSc). This is because the protease resistant
form of the prion protein can be detected in animals or humans with
prion diseases. There is a clear link between the prion protein and prion
diseases, such as scrapie, because mice where the gene for PrP (prnp)
is ablated are resistant to infection with mouse passaged scrapie1. Re-
cently, it has been shown, with a conditional knockout mouse strain, that
switching off PrP expression during onset of mouse scrapie results in an
arrest in the disease progress2. Despite this, the most common feature
of prion disease is neurodegeneration. The “progression” in these dis-
eases relates to the gradual loss of neurones of various brain regions,
which results in dementia and failure in locomotion. Therefore, progress
in dealing with or understanding the mechanism of this disease requires
knowledge of the mechanism leading to this neurodegeneration. There
is a clear link between the expression of PrPc, deposition of PrPSc and
neuronal death. In contrast, there remains a body of researches that
remain unconvinced about the central nature of PrPSc to prion disease
causality. Since there are a number of reports that scrapie can be trans-
mitted in the absence of detectable PrPSc 3,4,5, then it is possible that
PrPSc is little more than a tombstone of a pathological process. It is also
possible that the true culprit is another form of PrP or something else.
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It remains irrefutable that PrPc expression is essential for prion disease
to develop because of the failure of the disease to be transmitted to
PrP-knockout mice1 and the lack of neurodegeneration in PrP-deficient
tissue, even in the presence of PrPSc deposition6.

At a basic level, the possibilities for the induction of cell death are lim-
ited. One or a combination of these possibilities is likely to be the cause
in initiating cell death. The first of these possibilities is that PrPSc is
neurotoxic directly by a physical interaction with neurones. Alternatively,
PrPSc could induce secondary effects such as oxidative stress, which
then act to trigger cell death. Another possibility is that neuronal death
is triggered not by the production of PrPSc, but by the loss of functional
PrPc. There is now considerable evidence that PrPc acts either as an
antioxidant or a Cu transporting protein or both. Therefore, the potential
loss of antioxidant activity could potentially be responsible for cell death
given the clear presence of oxidative stress in the brains of animals and
patients with prion diseases. Opposing this is the finding that mice de-
ficient in the expression of PrP are healthy and do not show signs of
neuronal loss7. There could be compensations that lead to functional
replacement in the PrP-knockout mouse. However, given that inactiva-
tion of expression during prion disease causes disease arrest2 then it is
unlikely that functional replacement is the key to the resistance of PrP-
knockout mice to disease transmission. Nevertheless, as switching off
PrPc expression reverses prion disease, there is a clear link between
protein conversion and maintaining prion disease progress. In the ab-
sence of PrPc expression there is clearly the potential for the defensive
mechanism to become active. The implication is that inactivation of PrPc

is necessary for disease progress. This means that loss of PrPc function
is likely to be involved in the mechanism of neuronal death.

A further possibility as to the cause of neuronal death in prion disease
is that another form of PrP is causal or another protein altogether. The
doppel protein, a homologue of PrP is neurotoxic8. However, despite its
possible neurodegenerative effects in some transgenic mice, there is
currently no evidence that doppel has a direct or even auxiliary effect
in prion disease. Another possibility has been transmembrane forms of
PrP. Although there is some evidence for the existence of transmem-
brane forms of PrP in in vitro translation systems9 and some cell cul-
ture models of inherited mutations of the prion protein, there is scant
evidence that such forms of the protein exist in vivo. Indeed, one study
reports that mutations supposed to generate transmembrane PrP actu-
ally prevent PrP from being exported from the cell and do not result in
transmembrane protein at all10. Most of the evidence suggests that wild-
type PrPc is linked to the extracellular side of the plasma membrane by
a GPI anchor. It has been suggested that some PrP mutations increase
membrane association, but this on its own is not the cause of cell death.
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Furthermore, mice expressing a mutant form of PrP, supposedly only
as a transmembrane form, are resistant to experimental transmission of
prion disease11.

Another variation, potentially more plausible than transmembrane PrP
is the potential export of abnormal PrP into the cytoplasm12,13 with or
without failure of the proteosome to degrade this misdirected PrP14.
Although there is some evidence this occurs, the current literature sug-
gests that this cytoplasmic PrP is not toxic15.

Many recent models of neurodegeneration in prion disease suggest
that neurodegeneration results from the cells response to the presence
of mis-folded protein prior to export from the cell or because of failure
of such protein to be exported. Such possibilities hold a high level of
credibility. A recent paper suggests that abnormal PrP folding results in
endoplasmic reticulum (ER) stress16. This then leads to the activation
of cell death via the ER specific caspase 12. The only problem with
this suggestion is that the study was carried out on human cells, which
do not express functional caspase 12. Neither the universality nor the
veracity of this finding has been confirmed.

Currently, the majority of research suggests neurodegeneration re-
sults from the innate toxicity of PrPSc. As this toxicity cannot occur with-
out neuronal production of PrPc, then clearly the neurotoxic mechanism
requires two species of PrP. PrPSc is potentially necessary, but not suf-
ficient for neuronal death. Similarly, loss of PrPc function is necessary
but not sufficient. The majority of experimental evidence suggests that
PrPc is a copper binding protein17 that can function to transport copper18

and/or PrPc is an antioxidant requiring copper binding for its activity19.
Further consistent evidence from research suggests that oxidative dam-
age is a feature of prion diseases20 implying that breakdown of oxidative
defence might contribute to neuronal death in prion disease. Genera-
tion of PrP by the brain might be sufficient to inactivate compensatory
mechanisms that might come into play when PrP expression is impos-
sible because of genetic ablation of the gene or temporal inactivation of
gene expression. Therefore, expression of PrP that is either functionally
inactive or can be converted to PrPSc is necessary for the mechanism of
neurodegeneration. The rest of this review will consider research related
to this model.

10.2. Peptides as paradigms

The majority of research examining the mechanism of neurodegen-
eration that might be relevant to prion diseases has been carried out
using cell culture techniques. The assumption used in these studies is
that exposure of pure or mixed cell populations to PrPSc results in the
induction of cell death, either by apoptosis or some other mechanism.
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Figure 10.1. Toxicity of PrP106-126
The synthetic peptide is toxic to neurones by an apoptotic mechanism. Cerebellar cells
were from wild-type mice were prepared in culture. These cells were treated with PrP106-
126 at various concentrations for five days (O). Further cultures were treated with
PrP106-126 and 10 µM CuSO4 (�) or 1 mM bathocuproine sulfonate. (•). After 5 days,
the survival of the cells was assessed using an MTT assay. Values were compared to
those of untreated controls as a percentage. * indicated the lowest concentration where
there are significant differences (Student’s t test, p < 0.05) between the treatments. As
can be seen, PrP106-126 on its own is highly toxic reducing neuronal survival by more
than 70%. Addition of Cu increases the toxicity further. 10 µM CuSO4 on its own had not
toxic effect. The cell impermeable Cu chelator, bathocuproine sulfonate greatly inhibited
PrP106-126 toxicity suggesting this toxicity is dependent on Cu present in the medium.

A considerable percentage of this research has focused on a single
peptide fragment known as PrP106-126 because it is based on amino
acid residues 106–126 of the human PrP sequence. The first study
using this peptide21 established that this fragment is more toxic than
other fragments and induces apoptosis in neurones. Since then, sev-
eral other studies have examined different fragments either overlapping
this region22 or from elsewhere in the protein sequence23. Some of these
fragments have the advantage of being more soluble than PrP106-126.
However, the relative insolubility of PrP106-126 can be overcome by
preparing the peptide in a different solvent such as DMSO and adding it
to the culture in this form24. Whereas some PrP peptides are toxic, oth-
ers have been found to be protective. In particular, peptides related to
the octameric repeat region of the N-terminus have been shown to pro-
tect neurones from copper toxicity by their potential to bind copper25,26.
This is in contrast to PrP106-126 (Figure 10.1) where there is some



A Stone Guest on the Brain: Death as a Prion 245

evidence that the toxic effects of the peptide are mediated by or require
an interaction with copper ions27,28,29.

Mice have been generated that express truncated versions of PrPc.
In particular, a mouse expressing a prion protein of 106 amino acids30

has been used to identify those parts of the protein necessary for both
infection and neurodegeneration in prion disease. The truncated version
of PrPc can be converted into a truncated PrPSc capable of infecting the
same transgenic mice and inducing neurodegeneration. The 106 amino
acids comprise the amino acid residues 89–140 and from 177 to the
C-terminus. As neuronal death also occurs in these mice, then these
regions must also contain the main neurotoxic domain of PrP. There is
general agreement that the hydrophobic domain of PrP is the principal
toxic domain. This implies that the toxic domain lies within amino acid
89–140. A number of studies have looked at the toxicity of this fragment
or the so-called mini-prion31. Apart from confirming the toxicity of the
fragment and providing structural information32, these studies have done
little to advance the understanding of toxicity beyond that of studies using
the peptide fragment PrP106-126.

Although some mice expressing truncated forms of PrPc do not de-
velop spontaneous disease30,33, others show spontaneous disease34,35.
Of particular interest are mice with N-terminal deletions lacking amino-
residues up to 121 or 134 of the mouse sequence. These mice express
truncated protein at the cell surface and develop degeneration in the
cerebellum shortly after birth. This disease is not prion disease, but
represents a novel form of cerebellum specific degeneration. Indeed,
like doppel (see below) the toxicity of this fragment is inhibited by the
co-expression of wild-type PrP. Analyses using peptides and primary
neurones in culture showed that the fragment 121–231 is toxic to neu-
rones (Figure 10.2)23. Smaller peptides consisting of individual helices
within this region are also toxic. Two peptides, PrP163-184 and PrP196-
220, appeared to be the most toxic. As these fragments are also toxic
to neurones lacking PrP-expression, this toxicity is not related to that
produced by PrPSc. However, it is quite possible that these fragments
could produce some cell death or exacerbate neuronal death induced
by PrPSc. Mutations equivalent to those that are causal to inherited
forms of prion disease in humans enhance the toxicity of the PrP121-231
fragment23. This suggests that perhaps this fragment could play a role
in cell death observed in inherited prion diseases such as Gerstmann-
Sträussler-Scheinker syndrome. This could possibly be due to the gen-
eration of hydrogen peroxide by the interaction of the C-terminal frag-
ment with metals36. Interestingly, the toxic hydrophobic domain of PrP
(i.e. the region including PrP106-126) is able to neutralise the toxicity
of this domain23. Perhaps the gain of toxicity of PrPSc is a result of two
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Figure 10.2. PrP106-126 interacts with PrPc. Peptides were applied to cerebellar neu-
ronal cultures for four days. These peptides included PrP106-126, a peptide with the
same composite amino acids as PrP106-126 but in a random order (scrambled) and
a beta-amyloid peptide (βA25-35). Peptides applied to cells were collected from the
supernatant by centrifugation. The pellets were dissolved in urea and electrophoresed
on a PAGE gel. The resulting gel was blotted and PrP detected with and antibody to
PrP (DR1) that does not recognise PrP106-126. 1 = no peptide, 2 = 100 µM scrambled
peptide, 3 = 20 µM PrP106-126, 4 = 100 µM PrP106-126, 5 = 100 µM βA25-35. These
results show that full length PrP becomes bound to PrP106-126 when it is applied to
cultures. In addition, a truncated fragment could also be detected. Further analysis has
shown that this fragment is approximately 20 kD, whereas the normal protein is 25 kD.
These bands could be seen on a coomassie stained gel of the same material suggesting
there was very little other protein bound to PrP106-126. This and other data (Brown,
2000b) suggest that there is a specific interaction between PrP106-126 and PrPc.

potentially toxic domains within the protein being unable to interact due
to changes in protein conformation. This fits with the generally supported
hypothesis that change in protein conformation makes PrP toxic.

At present only PrP106-126 and PrP118-135 have been shown to be
toxic in vivo37,38. Although study of PrP118-135 is interesting, its toxicity
to PrP-knockout cells makes it an inferior model to that of PrP106-126.
PrP118-135 is similar to another peptide PrP127-136. This peptide was
first reported to have very little neurotoxicity21 but was later shown to
be toxic to PrP-knockout neurones24. Attempts to generate the small-
est toxic fragment of PrP led to the finding that a peptide 113–126, just
14 amino acid residues in length, is the smallest toxic molecule with the
same properties as PrPSc 24. This fragment formed fibrils and was high in
beta-sheet and resisted proteinase K digestion. The biophysical charac-
teristics of PrP106-126 and other fragments have been looked at in detail
by many authors39,40,41, but the fibrillar nature of the peptide depends
largely on an eight amino acid residue palendrome AGAAAAGA24. This
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is possibly the smallest fragment of protein able to generate amyloid
fibrils.

PrP106-126 has many cellular effects and binds to a multitude of
other proteins. This includes effects on membrane micro-viscosity and
the activity of calcium channels. These studies are dealt with in detail
elsewhere in this book and have also been reviewed42. In the current
chapter the mechanism of toxicity will be looked at from the point of view
of our laboratory.

Our analyses of the toxicity of PrP106-126 showed that the mecha-
nism involves two basic effects. These effects will be discussed in detail.
Both effects are necessary for the toxic effect.

1. Direct Effects: PrP106-126 interacts directly with cells and al-
ters the cells’ response to toxic substances produced by other
cells or are present in the extracellular environment. The peptide
also changes the cellular response to non-toxic signals received
in chemical form from other cells. These effects require the neu-
rone to express PrPc. As mentioned above, without continued
cellular expression of PrPc, neither PrPSc nor PrP106-126 has
a toxic effect. Possibly, these effects require a direct interac-
tion between PrP106-126 and PrPc. There could be other di-
rect effects PrP106-126 has on cells that exacerbate the toxic
effects, but these are secondary for the requirement of PrPc

expression.
2. Indirect Effects: PrP106-126 can also interact with other cells

besides neurones. As glia vastly outnumber neurones in the
brain, it is quite likely that PrPSc will encounter glia in an
animal with prion disease. Glial responses to either PrP106-
126 or PrPSc have been assessed. Activation of astrocytes re-
sult in reduced activity of glutamate and/or copper clearance
by uptake mechanisms. This can result in increased levels of
toxic substances in the vicinity of the neurones. Similarly, mi-
croglia activated by PrP106-126 or PrPSc result in the produc-
tion of radicals, especially superoxide and possibly nitrogen rad-
icals but also inflammatory cytokines. In this way, neurones
are exposed to increases in stress agents or potentially toxic
molecules.

3. Combined Effects: On their own, these changes are probably
insufficient to initiate cell death. However, reduced neuronal re-
sistance to oxidative stress combined with an increase in oxida-
tive stress in the vicinity are potentially the two factors necessary
to activate apoptosis.
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4. Age Effects: One of the central curiosities of human prion dis-
eases is the age of onset. In particular, both GSS and sCJD have
a clear age dependence. GSS, although an inherited disease,
remains dormant until the patients reach their 50’s. This clearly
implicates age dependent changes in the nervous system. One
possibility is the increased inability of the ageing nervous sys-
tem to deal with oxidative stress. As oxidative stress is already
implicated in prion diseases, then this might be the deciding
factor in what initiates sporadic diseases such as CJD.

Some of these issues will be discussed in detail.

10.3. Interactions as initiators

There is now a long list of proteins that bind to PrP. Some of these
have been identified as binding partners specifically for PrP106-12643,44,
while others bind PrPc 45. It has been known for some time that PrP can
interact with itself. In particular, peptides can bind to PrPc and cause it
to gain protease resistance46. Whether PrP106-126 interacts with PrPc

or another protein, this interaction is likely to be necessary to cause
changes to intracellular signalling. The nature of the intracellular sig-
nalling resulting from this interaction and potentially leading to apopto-
sis remains elusive. Although caspases and calcium are involved this is
extremely non-specific and superficial.

Our findings suggest that all direct effects related to the toxicity of
PrP106-126 are mediated through direct interaction with PrPc. That
PrP106-126 does form fibrils clearly indicates that it can interact with
itself. It has already been suggested that the form of PrP peptides that
interact with the full-length protein is soluble47. Furthermore, the neu-
ronal component of the cell death mechanism is optimal for more solu-
ble PrP106-126 as the use of membrane filters indicate that the peptide
must be able to pass through a 0.4 µM pore to initiate neuronal death48.
Further research has shown that prevention of the interaction of PrP106-
126 and PrPc blocks toxicity27. Toxicity can be prevented by using the
peptide AGAAAAGA24. Analysis of the binding of PrP106-126 and PrPSc

to recombinant wild type and mutant PrP suggest that this region of the
protein is the site at which the interaction occurs27.

Binding of PrP106-126 has several effects. It causes direct inhibition
of the antioxidant activity of the protein27. Treatment of neurones with
PrP106-126 causes a marked reduction in the resistance of neurones
to oxidative stress49. There is also a decrease in the activity of other
antioxidant enzymes such as Cu/Zn superoxide dismutase49,50. In ad-
dition, the peptide causes a decrease in the uptake of Cu by neuronal
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cells27 and causes a decrease of Cu incorporation into Cu/Zn super-
oxide dismutase51. It is unclear how these changes are brought about.
However, there is evidence that PrP106-126 can enter cells52 and might
interact with intracellular proteins such as microtubules44. There is also
evidence that aggregates of PrP106-126 can cause the shedding of
PrPc (Figure 10.3), which then becomes trapped in the aggregates27.
Interestingly, a subset of antibodies to PrP can also cause apoptosis
suggesting that possibly inhibiting either the breakdown of the protein
or its ability to bind Cu or its interaction with other proteins might be
sufficient to trigger cell death25. Recently it has been confirmed that
similar antibodies injected in vivo can also cause neuronal apoptosis53.
As antibodies to PrP increase the toxicity of Cu to cells, then it is quite
possible that interfering in the protein’s role in Cu metabolism might be
central to the ability of PrP106-126 to initiate cell death. However, there is
sufficient evidence to suggest that direct effects of PrP106-126 on neu-
rones, mediated through PrPc might be necessary to induce cell death,
but are insufficient for its execution. PrP106-126 has the effect of com-
promising the neurones ability to deal with stressful conditions54 and in
this way gives neurones a phenotype like that observed for PrP-deficient
neurones55. Execution of cell death then comes about as a result of this
compromised phenotype and one of a number of different stress events
such as the production of superoxide54.

10.4. Microglia as mediators

A microglial response during the course of prion disease is now
well documented. As part of gliosis there is widespread activation of
microglia that precedes the onset of neuronal death56,57,58. Addition-
ally, microglia probably proliferate and alter the kinds of molecules they
release59,60. There is association between microglial response and de-
posits of abnormal PrP61,62,63. Also, there are reports that microglia
are damaged and possibly die during the disease progress64. There is
evidence that microglia may be associated with PrPSc plaques in hu-
man disease61,65,66. A clearer picture comes from an animal model of
prion disease: scrapie infected mice. Mice infected with scrapie show
significant activation of microglia67. There is also evidence that this mi-
croglial activation precedes neuronal death. Studies of apoptosis us-
ing in situ end-labelling with terminal transferase have lead to evi-
dence for the time course of apoptosis in mice infected with several
different strains of scrapie57. This apoptosis was found to follow activa-
tion of microglia sequentially as indicated by immunohistochemistry for
markers of activated microglia68. There is other evidence that microglia



Figure 10.3. The C-terminal fragment of PrP, PrP121-231 is highly toxic to neurones.
Cerebellar neruones from wild-type mice were treated with either full-length recombinant
mouse PrP (PrP23-231) (A) or the C-terminal fragment PrP121-231 (B). The cells were
stained with the Hoechst reagent to detect apoptotic nuclei. An increase in aberrant
nuclei was only detected for the PrP121-231 treatment. Scale bar = 50 µm. C shows
the quantitation of this result for four separate experiments.

A

B

C



A Stone Guest on the Brain: Death as a Prion 251

activation precedes neuronal death in general and especially precedes
clinical symptoms of scrapie67 and that large numbers of microglia are
present in the scrapie infected mouse brain throughout the disease56.
This suggests that microglial activation precedes neuronal death in
mouse scrapie. Unfortunately, there is no proof that all the neuronal
death in prion disease is apoptotic and similarly, there remains no proof
that microglial activation is causative as regards apoptosis. Recent work
suggests that microglial changes are accompanied by both changes in
synapses and minor behavioural changes not normally described as a
response to scrapie infection69. These changes have been seen as early
as 13 weeks post experimental inoculation of mice with scrapie.

There is more evidence for the production of microglia products
and especially cytokines. Increased expression of interleukin-1 and
interleukin-6 as well as the tumor necrosis factor α has been detected
in the brains of hamsters70 and mice71. As indicated above, the expres-
sion of both these cytokines is increased when microglia are treated with
PrP106-126. Also these cytokines are involved in PrP106-126 induced
proliferation of astrocytes. Astrocytes in scrapie infected hamsters show
increased levels of the transcription factor NF-KB70. It is known that in-
terleukin causes increased nuclear entry of NF-KB in astrocytes72. In-
creased levels of NF-KB can lead to increased expression of cytokines
by astrocytes.

Several studies have now identified markers of oxidative stress in the
brains of rodents with prion disease. There are increased levels of oxi-
dised lipids in the brains of scrapie infected hamsters73. Another study20

has shown increased levels of nitrotyrosine and hemeoxygenase-1 in the
brains of scrapie infected mice. These observations imply that signifi-
cant free radical damage is being generated in the brains of scrapie
infected mice. Additionally, there is evidence for mitochondrial dam-
age in cells from brains of scrapie infected hamsters and mice74,75.
These changes include reduction in the activity of mitochondrial en-
zymes and structural abnormalities in the mitochondria. Other enzymes
known to be associated with resistance to oxidative stress, such as
catalase and glutathione-S-transferase, show increased expression75.
Together, these results suggest that oxidative stress is involved in the
pathology of prion diseases. It is possible that the oxidative damage
to the brain in scrapie might be a result of the damage to mitochon-
dria, which can generate superoxide. However, the measured level of
oxygen radicals detected with dichlorofluorescein in mitochondrial frac-
tions from the brains of scrapie infected mice was not greatly increased
above that of controls70. Reactive oxygen species such as superoxide
are generated by microglia and the implication of this is that microglia
cause damage in the brain of scrapie infected mice. However, microglia
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activation has also been postulated to be a response to neuronal dam-
age rather than the cause of it. Even if neuronal damage was the sole
cause of the microglial response (which is unlikely given the complex-
ity of cell-cell interactions), then the microglial activation is still likely
to cause significant production of toxic substances to trigger neuronal
apoptosis.

Studies with the synthetic peptide PrP106-126 have shown that de-
pletion of microglia from neuronal cultures by the use of microglia spe-
cific toxins results in a significant reduction in peptide toxicity54. Simi-
larly, addition of microglia to neuronal cultures can increase the toxicity
of both PrP106-126 and PrPSc 76. Also, microglia respond to signals
from peptide-treated neurones stimulating them to produce cytokines
and possibly other agents that might alter neuronal survival, such as
interleukin-677. However, the majority of changes to microglial activity
induced by the peptide occur in the absence of other cells78. These
changes include proliferation79 superoxide production54, activation of
nitric oxide release78 and the release of cytokines80. As well as re-
leasing neurotoxic substances in response to PrP106-126, microglia
might also mediate the astrocytic response to PrP106-126. PrP106-126
causes the release of cytokines from microglia such as interleukins 1
and 680. It has been shown that, in an astrocyte-microglia co-culture,
microglia response to PrP106-126 stimulate astrocyte proliferation79.
Similar to microglia-neurone interactions leading to death, direct effects
of PrP106-126 on astrocytes are necessary to stimulate astrocytic re-
sponses to the mitogens released by microglia81. Thus, PrP106-126
causes the mitogen release from microglia and primes astrocytes to re-
spond to the microglial signals and it is possible that the interleukins
released from microglia in response to PrP106-126 trigger the prolifera-
tion of PrP106-126-primed astrocytes82. In this way, microglia could be
mediators of both neuronal apoptosis and astrogliosis as seen in prion
disease.

10.5. Astrocytes as accelerators

Astrocytosis is also a very typical reaction that occurs in prion
diseases. Increased GFAP (glial fibrillary acidic protein) was an early
molecular marker associated with prion disease because of the strong
astrocytic reaction. Like microglial responses, astrocytic activation is
considered a response to the presence of damaged neurones. How-
ever, advances in the understanding of signalling between neurones,
astrocytes and other cells are shining a new light into this assumption,
suggesting it is probably false. A recent paper by Marella and Chabry83

suggest that prion disease causes a change in the signalling between
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neurones and astrocytes, which in turn alters signalling to microglia via
chemokines. Also, older evidence suggests that astrocyte activation in
prion disease occurs prior to onset of symptoms of the disease84.

Previous studies have shown that mouse cerebellar neurones
become dependent on astrocytes for protection from glutamate
toxicity85,86. Cerebellar neurones co-cultured with astrocytes show an
increased sensitivity to the toxicity of glutamate as compared to cere-
bellar neurones not co-cultured. This effect is not dependent on regional
origin of the astrocytes used for co-culture86. Region specific effects of
astrocytes have been suggested to be contact-mediated and changes
to glutamate sensitivity are related to diffusable factors, some of which
have been defined86. In the presence of astrocytes, this increased sen-
sitivity to the toxic effects of glutamate is normally not noticeable be-
cause of the survival promoting effects of astrocytes, such as clearance
of glutamate and release of protective factors. Increased sensitivity to
glutamate toxicity is only of consequence if the protectiveness of astro-
cytes is compromised. Several mechanisms causing this compromise,
which lead to glutamate induced neuronal death, have been found; (1)
physical removal of astrocytes, (2) addition of substances which in-
hibit astrocytic glutamate uptake86, (3) substances which activate as-
trocytes (eg. TGF-β)85 or (4) inactivation of protective factors such as
interleukin-6 (IL-6)85. This increased sensitivity to glutamate is induced
in neurones by a factor released by astrocytes. Neurones treated with
conditioned medium (NAM) from astrocytes exposed to medium from
neuronal cultures showed decreased survival. This decreased survival
was a result of glutamate toxicity, but not because of increased glutamate
concentration86. Thus, some additional factor released by astrocytes into
NAM makes neurones more sensitive to glutamate toxicity. Release of
this factor is enhanced by the presence of neurones themselves or by
conditioned medium from neurones85. Clearly, identification of this fac-
tor and its mechanism of action are of great importance because of their
possible role in regulating neuronal sensitivity to excitotoxic death.

Following from this, work changes in NMDA receptor subunit subtype
composition have been identified which parallel increased sensitivity
to glutamate toxicity. Changes in the NMDA receptors NR1 and NR2
were found to occur. In particular, NAM caused increase in the subtypes
NR1b and NR2a subtypes87. It has been suggested that the subunit
NR1b is associated with increased sensitivity to glutamate toxicity88,89.
In our experiments, we observed that both co-culture with astrocytes
and treatment with NAM resulted in an increase in NR1b. Anti-NR1b
oligonucleotide inhibited NAM toxicity implying that this subunit is in-
volved in the increased toxicity of NAM. As cerebellar neurones are
protected by astrocytic clearance of glutamate when co-cultured, then
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this would explain why the expression of this subunit in co-cultured cere-
bellar neurones does not result in increased cell death. Despite its role
in sensitivity to glutamate, the NR1b isoform has been shown to be nec-
essary for normal regeneration in certain systems such as the retina90.

During normal granule cell development, there is a known progression
in the expression of the NR2 subunit subtypes. Early in development, the
predominant subtype is NR2b, but as development progresses, there
is a switch to NR2a and then an increase in the levels of NR2c91,92.
Change in the subunit composition of NMDA receptors alters electro-
physiological responses of cerebellar neurones93,94. Co-cultured cere-
bellar neurones demonstrated a NR2 subtype profile more like that of a
maturer cerebellar neurone. The cerebellar neurones in NAM showed
an increase in type NR2a, but this seemed to be associated with in-
creased sensitivity to NAM whereas NR2c appeared to be protective.
Therefore, increased sensitivity to glutamate in the NAM treated cere-
bellar neurones might represent the inadequacies of a transition phase
in development. Oligonucleotide knockdown of expression of the sub-
unit subtypes NR1b and NR2a inhibited glutamate toxicity markedly87.
Oligonucleotide therapy based on these observations might provide an
effective way to combat excitotoxic neurone death in a variety of dis-
eases (Figure 10.4).

The importance of these findings to prion disease are highlighted
in analyses of survival of cerebellar granule cells co-cultured with large
numbers of astrocytes when treated with the PrP106-126 peptide. Cere-
bellar cell cultures contain a mixture of cells including microglia, astro-
cytes and neurones. Specifically, killing astrocytes in such cultures was
shown to reduce the toxicity of PrP106-12695. PrP106-126 also causes
inhibition of glutamate uptake96. In order to test whether PrP106-126 can
influence the toxicity of glutamate to neurones via its interaction with
astrocytes, the following culture system was devised. Neurones from
PrP-knockout mice were cultured with wild-type neurones and treated
with PrP106-126. Neurones from PrP-knockout mice are resistant to the
toxicity of PrP106-12697. PrP106-126 has been shown to have no effect
on the toxicity of glutamate to neurones when cultured alone. The ef-
fects of PrP106-126 on astrocytes requires their expression of PrPc 81.
Under these conditions PrP106-126 was found to be toxic to the co-
cultured PrP-knockout neurones96. This toxicity could be inhibited by
MK801, suggesting that the toxicity is mediated by glutamate. In such a
culture system, wild-type astrocytes were found to greatly block the tox-
icity of added glutamate to the PrP-knockout neurones. This protection
was blocked if PrP106-126 was added to the co-culture. As described
above, co-culture with astrocytes makes neurones more sensitive to glu-
tamate. In the presence of neurones, astrocytes are able to rapidly clear
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Figure 10.4. Knockdown of specific NMDA receptor subunits can block toxicity of
PrP106-126. Cerebellar neurones were grown in culture and treated with one of five
different antisense oligonucleotides at 100 nM or combinations (replenished daily) for
five days. These antisense DNA oligos were designed to bind to the DNA for one of five
NMDA receptor subuniut subtypes. These were NR1a, NR1b, NR2a, NR2b or NR2c.
Either total NR1 or NR2 was detected using RT-PCR. The upper panel shows treat-
ment with NR1 oligonucleotides either on their own (NR1a = a, NR1b = b) or combined
(a + b). The lower panel shows treatment with NR2 oligonucleotides either on their own
(NR2a = a, NR2b = b, NR2c = c) or combined (a + b + c). These results show that the
oligonucleotides effectively blocked expression of the NMDA receptor subunits. In the
presence of astrocytes and Cu PrP106-126 is toxic at very low concentrations and this
toxicity is mediated by glutamate (Sassoon et al., 2004). Cerebellar neurones were co-
cultured with astrocytes. Parallel co-cultured cerebellar cell cultures were either treated
with 20 µM PrP106-126 (open bars) or 20 µM PrP106-126 and 10 µM CuSO4 (black
bars). Cultures were co-treated with one of the five antisense oligonucleotides. Rela-
tive survival was determined with an MTT assay. The bar graph shows the toxicity of
PrP106-126 under these conditions to the cells with or without addition of the oligonu-
cleotides. One oligonucleotide in particular inhibited the toxicity of glutamate-mediated
PrP106-126 toxicity. This suggests that the receptor’s subunit subtype NR2a is involved
in transducing the toxic effect of PrP106-126.

glutamate and secrete neuroprotective factors. This increased neuronal
sensitivity to glutamate usually has no impact on neuronal survival.
However, when astrocytic protection is inhibited by PrP106-126, then
the increased sensitivity to glutamate makes the level of glutamate in



256 Brown

Figure 10.5. Mechanism of PrP106-126 toxicity—interplay of several cell types. This
summary figure shows the details of the theoretical toxic mechanism of PrP106-126 to
neurones as described in the text.

the culture medium potentially more toxic. Thus, in this culture system,
glutamate mediated toxicity emerges without any substantial increase
in glutamate concentration in the culture96. New data also suggest that
PrP106-126 alters NMDA receptor composition in neurones which would
also increase the toxicity of glutamate to these cells98. Using antisense
DNA it was shown that specifically inhibiting the expression of NMDA
receptor subunit subtype NR2a effectively blocked the toxicity of PrP106-
126 mediated via astrocytes.

This astrocyte model has the potential to greatly enhance neuronal
death in vitro. Rapid neuronal loss is seen in the late stages of prion
disease following astrogliosis. Thus, while microglial effects are likely to
initiate the pathological changes, astrocytes could greatly accelerate the
rate of neuronal loss by the mechanism described above (Figure 10.5).
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10.6. Doppel induced death

Two separately derived “strains” of mice (Npu and Zrk1) in which
protein expression had been knocked out were examined for gross dis-
turbances in behaviour and development7,99. None were found and on
the basis of this, some experts suggested that the protein had a re-
dundant function or no function at all. If this were the case, why would
the sequence of the PrPc be so highly conserved from turtle to hu-
mans? Possibly its function is so essential, that like many important
proteins normal metabolism has mechanisms to compensate for its
loss.

Yet, even this picture was blurred when another strain of PrPc defi-
cient mice (Ngs) was found to develop late onset motor disturbances
and the loss of Purkinje cells in the cerebellum100. A recent paper has
suggested that this and two other strains of PrPc deficient mice (Rcm0,
Zrk2) become ill because another protein, termed Doppel (Dpl), with a
small degree of homology (∼25%) to PrPc, is highly expressed in these
mice101. This expression is possibly driven by the PrPc promoter running
directly into the Dpl reading frame, which is directly in tandem with that of
PrPc. Whatever the role of Dpl in causing the phenotype of these PrPc-
deficient mice, the late onset pathology is abrogated by re-introducing
PrPc expression. It is possible that renewed PrPc expression has a neg-
ative feedback effect on the PrPc promoter inhibiting Dpl expression.
Whatever the explanation, the implication is that PrPc expression has a
function in preventing disease.

The discovery of Dpl has generated a great interest because of its
possible role in prion disease. Its structure has been analysed by NMR
spectroscopy and compared to that of PrPc 102,103. Dpl contains a very
similar secondary structure with three helices forming a globular domain.
However, unlike PrPc, Dpl will not fold into intermediates that would re-
sult in a beta-sheet rich form of the protein. Thus, Dpl is unlikely to form
the kind of misfolded protein found in prion disease104. Polymorphisms
in the protein were investigated to determine if any were associated
with disease105,106. No relationship between gene sequence and prion
disease was found. Altering the expression of Dpl does not alter the
susceptibility of transplanted brain tissue to neurodegeneration caused
by infection with scrapie107. Increasing Dpl expression in mouse brain
does not alter the incubation time for prion disease108. Dpl is expressed
in both Sertoli cells and spermatozoa109 and plays a role in the late
stage of spermatogenesis. Although Dpl clearly plays a role in male ga-
metogenesis and sperm-egg interactions110, its actual function remains
unknown. Furthermore, what its relation is to PrPc beyond structural
homology is also purely speculative at present.
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Unlike PrP-knockout mice, Dpl-knockout mice have a distinct phe-
notype which is an altered fertility7,110. This phenotype shows that the
main role of Dpl is in the regulation of male fertility especially in regard
to sperm maturation and the ability of sperm to penetrate the zona pel-
lucida of oocytes110. Expression of Dpl in testes has been shown to
be much higher than in the brain111. Thus, when considering the pos-
sible role of Dpl in prion disease, evidence needs to be provided that
Dpl expression actually reaches levels where questions of Dpl toxicity
might be relevant. However, at present no such evidence exists. Nev-
ertheless, it is clear that expression of Dpl can be toxic to neurones.
This has sparked interest in determining the possible neurotoxic mech-
anism of Dpl. The evidence from the study of RcmO and other Dpl
expressing PrP-knockout mice is that Dpl is toxic in the absence of PrPc

expression.
Initial studies of Dpl expressing PrP-knockout mice to try and deter-

mine a mechanism for this cell death suggested a possible involvement
of hemoxygenase and nitric oxide systems due to alterations of the rele-
vant proteins in Rcm0 mice112. In addition, these mice showed increased
evidence of oxidative damage. The use of animal models for mechanistic
dissection of toxic pathways is rather cumbersome and time consuming.
Therefore further study used culture models to provide a clearer insight
into Dpl toxicity8.

Dpl toxicity can occur in the presence of PrPc expression (Figure
10.6). However, blocking toxicity of Dpl is clearly PrPc dose dependent8.
Dpl toxicity to neurones overexpressing PrPc ten fold is abolished.
Additionally co-application of recombinant PrP with Dpl also inhibits
its toxicity. This inhibitory effect is greater if the protein has Cu
bound suggesting that the Cu-dependent function of PrPc is protective.
Nevertheless, we also have evidence that a fragment of PrP can interact
directly with Dpl, altering its structure and inhibiting its toxicity. Thus, it
is also possible that PrP with Cu bound is more able to interact with Dpl
than Cu-free PrP. Behrens and Aguzzi113 have described three possible
mechanisms by which Dpl might be toxic in the absence of PrPc. The
first, initially proposed by Weissmann and Aguzzi114, suggests that Dpl
and PrPc both bind a common ligand. This ligand binds preferentially to
PrPc, but in its absence the ligand binds to Dpl and initiates cell death.
There is currently no evidence to support this model. The second
proposed mechanism is that initially proposed by Wong et al.112, which
suggested that Dpl and PrPc have complementary activities in the brain.
It has been shown that Dpl activates the NOS system8 thus providing
some evidence for this hypothesis. The third proposed mechanism is
that Dpl and PrPc can both form some type of multimeric complex and
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Figure 10.6. Doppel is toxic to neurones, but toxicity is inhibited by PrPc. A Culture
of cerebellar neurones was prepared from newborn mice. These mice were either wild-
type expressing PrPc (•), PrP-knockout mice (O) or mice overexpressing PrPc(�). The
cells were treated for 4 days with increasing concentration of recombinant mouse Dpl.
At the end of the time, the survival of the neurones was determined relative to untreated
control culture. The MTT assay values indicated that Dpl is toxic to neuronal cultures
at concentrations above 5 µg/ml. The toxicity was decreased by the level of expression
of PrPc. Dpl was not toxic at all to overexpressing neurones. B Cerebellar neurones
from PrP-knockout mice were treated with Dpl protein at 50 µg/ml. Concurrently, the
same cultures were treated with recombinant mouse PrP. The protein used was either
the apo (O) or holo (•) form of PrP. In other words, holo-PrP had Cu bound but apo-PrP
did not. Binding of Cu to PrP endows it with antioxidant activity (Brown et al., 1999).
After 4 days, survival of the cultures was determined. PrP inhibited the toxicity of Dpl in
a dose dependent manner. The inhibition was greater for holo-PrP. This suggests that
functional PrP might be better at protecting against Dpl toxicity. It is possible that apo-
PrP was protective because it bound Cu present in the cell culture medium. However, it
remains possible that PrP could inhibit Dpl toxicity without Cu being bound.
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the one composed only of Dpl would lead to toxicity. Again, there is no di-
rect evidence. However, on the other hand, there is evidence for a model
like this in that Dpl toxicity might be inhibited by direct interaction of Dpl
and PrPc. Therefore a mixture of physical interaction with PrPc and the
protective activity of PrPc might explain the anti-Dpl effects of PrPc. As
PrPc is an antioxidant that requires copper for its activity115, this then
suggests that Dpl toxicity involves an oxidative process. In support of
the notion that the copper dependent activity of PrPc protects cells from
Dpl toxicity, a recent paper by Atarashi et al.115 examined co-expression
of a truncated form of PrP within Ngsk PrP-knockout mice that over
expressed Dpl. Unlike wild-type PrPc, which protected the mice from Dpl
induced neurodegeneration, the truncated PrP, did not. The implication is
that the N-terminal domain is key in the ability of PrPc to protect against
Dpl toxicity. This could either be due to its copper dependent function
or because this domain interacts physically with Dpl and renders it
non-toxic.

Exposure of neurones derived from PrP-knockout mice to recombi-
nant Dpl showed that Dpl toxicity is related to the generation of NO (nitric
oxide)8. NOS (NO synthase) inhibitors inhibit Dpl toxicity, but this toxicity
did not require the involvement of glia suggesting the toxic NO is gener-
ated from nNOS in neurones. Another study of PrP-knockout mice that
expressed Dpl suggested that microglial and astrocyte activation occurs
before the onset of Purkinje cell death in the brains of the mice116. It is
quite possible that in the brains of mice expressing Dpl that glial activa-
tion could exacerbate cell death. However, the glial activation observed
by Atarashi et al.116 could have been as a result of damaged neurones
or the production of NO by neurones. Also, glial activation occurred in
areas of the brain where neuronal loss did not occur. This suggests that
the glial response was a response to brain changes rather than a direct
cause of them.

Despite the wide interest in Dpl, there is currently little reason to think
that Dpl has any relevance to the nature of neurodegeneration cause
by prion disease.

10.7. Conclusion

Research into the mechanism of neurodegeneration in prion diseases
has made considerable advances in the last ten years. Ten years ago re-
views into “neurodegeneration and prion disease”117 did little more than
mention that neuronal death occurred. Now, as this text book verifies,
there is a wide range of theories and research avenues that are being
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heavily investigated. In particular, new transgenic models are being used
to make bold insights into the role of PrP in the cell death mechanism.
However, it is perhaps highly important to keep a keen eye on previous
and on going research using cell culture based models. Although often
condemned as artificial, the majority of the significant results from cell
culture models of cell death in prion diseases, have been reproduced
by the in vivo models (e.g. the need for continued PrPc expression).
It is therefore more important than ever for researchers to acknowl-
edge the insights of such work or they will be forced to “reinvent the
wheel” at every turn. Nevertheless, as research continues in the prion
field in its seemingly haphazard manner, we are gradually getting to
know the “stone guest” of prion disease much better. Eventually as re-
search leads to treatment, the unwanted “stone guest” will be asked to
leave.
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105. K. Poec’h, C. Guérin, J.-P. Brandel, J-M. Launay and J.-L. Laplanche, First report
of polymorphisms in the prion-like protein gene (PRND): implications for human
prion disease. Neurosci. Lett. 286, 144–148 (2000).

106. S. Mead, J. Beck, A. Dickinson, E. M. Fisher and J. Collinge, Examination of the
human prion protein-like gene doppel for geenetic susceptibility to sporadic and
variant Creutzfeldt-Jakob disease disease. Neurosci. Lett. 290, 117–120 (2000).

107. A. Behrens, S. Brandner, N. Genoud and A. Aguzzi Normal neurogenesis and
scrapie pathogenesis in neural grafts lacking the prion protein homologue Doppel.
EMBO Rep. 2, 347–352 (2001).

108. N. L. Tuzi, E. Gall, D. Melton and J. C. Manson, (2002) Expression of doppel in
the CNS of mice does not modulate transmissible spongiform encephalopathy
disease. J. Gen. Virol. 83, 705–711.

109. K. Poec’h, C. Serres, Y. Frobert, C. Martin, S. Lehmann, S. Chasseigneaux,
V. Sazdovitch, J. Grassi, P. Jouannet, J. M. Launay and J. L. Laplanche, The hu-
man “prion-like” protein Doppel is expressed in both Sertoli cells and spermatozoa.
J. Biol. Chem. 277, 43071–43078 (2002).

110. A. Behrens, N. Genoud, H. Neumann, T. Rülicke, F. Janett, F. L. Heppner,
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11.1. Summary

In this chapter we will review the growing bulk of experimental obser-
vations regarding the modulation of intracellular pathways mediating the
neuronal cell death in in vitro models of prion diseases. In particular the
effects of the prion-derived peptide PrP106-126 in different cell culture
models will be described. PrP106-126 represents the first experimen-
tal approach to the prion-dependent neurotoxicity that has now been
largely accepted by the scientific community.

This peptide, although incompletely, reproduces in vitro many of
the biochemical and pathological characteristics of the PrPSc, allow-
ing a detailed analysis of the signal transduction mediating the prion
toxicity.

The analysis will be focused on the different intracellular pathways
modulated by PrP106-126, or related peptides, to induce neuronal cell
death in both primary neuronal cultures or neuronal-like cell lines, in
relation with its the structural characteristics. In particular the effects of
this peptide on the intracellular ion concentration, MAP kinase cascades
and radical oxygen species generation will be discussed.
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11.2. Introduction

One of the main limitations in the developing effective drugs for prion
diseases, is represented by the lack of validated experimental mod-
els to study the neuropathological effects of pathogenic prion protein
(PrP) molecules. Indeed, while several studies shed some light on the
mechanisms of prion replication and on the biochemical features of the
“infective” PrP species, only recently some information has been made
available on the mechanisms of prion toxicity. These data were gener-
ated mainly using a 21 amino acid peptide (PrP106-126) derived from
the PrP sequence, that Forloni et al.1 proposed as the neurotoxic core of
PrPSc. This peptide was mainly tested in cell culture studies where it was
reported to induce neurotoxic1 and gliotrophic2,3 effects. However, neu-
rotoxic effects of PrP106-126 were also reported in few in vivo studies4.

In all these studies, the experimental approach to test the toxicity of
PrP106-126 (or similar peptides, see below) is based on its administra-
tion externally to the cells in the culture medium. This protocol, although
still not unanimously accepted, is based on the emerging concept that
the PrP replication and toxicity are distinct phenomena5. Indeed, al-
though not yet definitively proved, a growing number of evidence sup-
ports this notion.

First, prion replication process has been deeply studied in PrPSc in-
fected cells, (mainly neuroblastoma cells) in which, although high level of
protease K-resistant intracellular PrP is generated, no direct cell toxicity
is observed; second, clinical studies showed that in the brain of some
patients affected by prion diseases were identified large areas where
PrPSc accumulated in high concentrations with minimal neuropatholog-
ical changes6. Conversely, although PrPSc was temporally and spatially
associated with development of the lesions7 in several experimental
models8−11 and some clinical cases12, it was reported that neurode-
generation may occur in the absence of detectable PrPSc. Moreover, it
was reported that most of the familial prion diseases are much more
difficult to be transmitted to mice then the acquired or sporadic forms13,
raising the hypothesis that some mutant PrP may be toxic without being
infective5. All these evidence support the notion that PrPSc, although
important for the prion replication, could not be responsible of the prion-
induced neurodegeneration. In principle, the latter process may derive
from toxic species generated as intermediates along the prion replication
process that may or may not be themselves infectious or a by-product of
PrPSc conversion5. Thus, the prion-dependent neurotoxic activity may
reside in the activation of specific “death signals” via the interaction of
toxic PrP species, experimentally represented by PrP106-126 or related
peptides, with specific cell structures. Thus, either via the interaction with
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yet unknown membrane receptors or through the internalization into the
endoplasmic reticulum, these peptides may trigger neuronal cell death,
activating specific intracellular pathways14−16. On this premise, the use
of synthetic peptides to delve deeper into the cellular mechanisms of
prion toxicity, may allow the identification of valuable specific targets to
the possible development of novel therapeutic strategies.

Importantly, recent data further validated this experimental approach.
In fact, it was reported that the same mechanisms mediating neuronal
death by extracellular application of PrP-derived peptides were observed
both in vivo and in vitro and were reproduced using different synthetic
PrP peptides1,16, recombinant longer fragments17, as well as using pu-
rified PrPSc15,18−20.

Thus, all these observations strongly support the relevance, for PrP
diseases, of the information that can be obtained using the above de-
scribed peptide approach.

In this chapter we will critically analyze the available data on the bio-
chemical characteristics and the neurotoxic effects of synthetic pep-
tides derived from the PrP sequence, mainly focusing on the intracellular
mechanisms regulated to induce neuronal cell death in relation to their
structural characteristics.

11.3. The identification of PrP106-126

In 1993, Forloni and coll., analyzed the in vitro toxicity of several
synthetic peptides derived from the sequence of an amyloid protein
purified from the cerebral cortex isolated from a patients deceased
from Gerstman-Straussler-Sheinker disease (GSS)1. In particular, in this
seminal study, the Authors isolated a protein spanning the amino acids
57-150 of the PrP, that was divided in 6 sequences (amino acids 57-64,
89-106, 106-114, 106-126, 127-135 and 127-147) that were used to syn-
thesize corresponding peptides. The rationale from this study was the
hypothesis that, similarly to Alzheimer disease, β-structured peptides
accumulating into the brain of prion patients as amyloid aggregates,
may induce neuronal death. The results obtained were very surprising,
since only the peptide corresponding to the amino acids 106-126 was
able to elicit significant neurotoxicity via the triggering of the apoptotic
pathway1. Subsequently, these results were repeated by a number of
different laboratories and a wide consensus was reached in the scien-
tific community for the use of this peptide to study the mechanisms of
neuronal cell death.

Importantly, the characterization of the physical-chemical and bio-
logical characteristics of PrP106-126, beside neurotoxicity, led to the
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identification of several characteristics already identified in the PrPSc

(high β-sheet content, protease K resistance, direct activation of astro-
cytes and microglia)2,3,21−23. All these data further support the relevance
of this peptide as an in vitro model of PrPSc-induced neurotoxicity.

During the years, other extended peptides were analyzed for their
structural and biological properties but, interestingly all of them included,
at least partially the 106-126 sequence (i.e. PrP118-135, PrP82-146
and, more recently, a long peptide of 106 amino acids encompassing
the amino acids 89-231 of the full length PrP with the deletion of the
amino acids 141-176 [named PrP106]).

Thus, all these studies allowed the establishment of a role for the
amino acid 106-126 as the “death motif” internal to the PrP sequence.

11.4. Structural characteristics of PrP106-126

The analysis of the three-dimensional characteristics of the PrP106-
126 peptide showed a high tendency to adopt a β-sheet configuration,
when analyzed in phosphate buffer at pH 5.021. In contrast, at pH 7.2
a rapid aggregation of the peptide is observed by laser light scatter
analysis21 and circular dichroism experiments, after the removal of the
precipitated material, showed mainly a random coiled structure24. The
aggregates show the features of amyloid fibrils as measured by electron
microscopy and Congo red staining24,25; the generation of PrP106-126
macroaggregates (up to 6,000 molecules26) was reported to be depen-
dent on the copper binding (at His111, Met102 or Met112)27,28 and, finally,
a partial resistance of the peptide to protease K digestion was observed
by reverse phase HPLC26.

All these characteristics resemble the features identified in the
pathogenic PrPSc isoform, strongly supporting the view that PrP106-
126 represents an useful model to study the toxic pathways activated in
prion diseases.

More recently, possible molecular determinants for PrP106-126 ag-
gregation were identified in mutational experiments. It was observed
that PrP106-126, when dissolved in viscous solvent (i.e. 10% glycerol),
assumed a clear β-sheet configuration also at pH 7.2. Thus, on the
basis of a computerized analysis of prediction of structure (AGADIR),
Gly114 and Gly119 in the PrP106-126 sequence were identified as possi-
ble determinants of the aggregation process. Indeed it was hypothesized
that, in force of their intrinsic flexibility, these residues may prevent that
the peptide assuming a structured stable conformation favoring its ag-
gregation. This prediction was experimentally confirmed analyzing the
structural features of a mutant peptide in which the two glycines were
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Figure 11.1. Diagramatic representation of the most commonly used PrP-derived pep-
tides and their main characteristics (aggregation and in vitro toxicity)

substituted with alanines24. This peptide was indeed completely solu-
ble and β-structured although non amyloidogenic, thus suggesting that
the steric restriction introduced in the 106-126 prion sequence upon the
double Gly/Ala mutation, allowed the formation of a soluble state of the
peptide that has a predominant propensity towards the β-structure. All
these results indicate that Gly114 and Gly119 residues are very critical
for the peptide flexibility as well as for its high tendency to form amyloid
fibrils24.

It is important to remark, that not all the PrP-derived peptides, able
to form amyloid fibrils, are neurotoxic and, conversely, that not all the
neurotoxic peptides are fibrillogenic (Figure 11.1).

In particular, in the original paper, beside PrP106-126, also the pep-
tide corresponding to the amino acids 127-146 was able to generate
amyloid fibrils, although non neurotoxic1(see below). Conversely, differ-
ent peptides (i.e. PrP118-135, PrP106 or mutants of PrP106-126), used
in experimental conditions in which they are not fibrillogenic, retain their
toxicity24,27,29,30.

This apparent discrepancy is however in line with many different
studies about different amyloidogenic neurodegenerative diseases (for
example Alzheimer’s disease) in which the neuronal cell death is
not related to the amyloid deposition but depends on protofibrillar
intermediates31. Again this observation, seems to validate the data ob-
tained using PrP-derived peptides in the context of the prion diseases.
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Important information, on the determinants of the structural organiza-
tion of PrP, using the peptide model, was provided by Salmona et al.32

analyzing the peptide PrP82-146. Indeed, these Authors analyzed the
structural characteristics of a peptide with a longer sequence that in-
cluded both the fragments, previously reported to be amyloidogenic
when analyzed as isolated fragments (amino acids 106-126 and 127-
146)1. Moreover, by independently scrambling these regions, they tried
to determine the individual contribution of these sequences to the con-
formational characteristics of the peptide.

Interestingly, their data show that the sequence 127-146, but not the
sequence 106-126, is extremely relevant for the protease K resistance
of the peptide and its aggregability, while the amyloid formation was af-
fected by altering both structures, although a more pronounced inhibition
occurred in the PrP82-146 scrambled in the 127-146 region32.

Again, these data, considering the high toxicity of the PrP106-126,
suggest that the amyloid aggregation properties, may not be relevant
for the toxicity of the PrP peptides.

11.5. Toxicity of PrP106-126

To date PrP106-126 has been reported to induce cell death on a
wide range of neuronal primary cultures of rodent hippocampal, cortical
and cerebellar neurons1,33−38 as well as in established human or murine
neuroendocrine cell lines14,39−43. Similar toxic activity was reported also
for the other PrP-derived peptides more commonly studied: PrP118-
13529, PrP30

106 and, although with minor efficiency, PrP82-14744.
Interestingly, in few studies it was demonstrated that these peptides

may also induce neurodegeneration after administration in vivo. In-
deed, the intravitreal injection of PrP106-1264, as well as PrP118-13516,
caused a significant degeneration of retinal neurons, that, belonging to
the CNS, represent a close system, with low content of proteolytic ac-
tivity, allowing in an easily way the reaching of toxic concentration of the
peptide compared to the brain injection.

Although the PrP106-126-induced cell death is now a well-recognized
model to study the toxic effects of prions, some objective practical and
theoretical limitations have to be considered when analyzing these kind
of studies: first, in almost all the studies, independently from the cell
model utilized, the cell death occurred only using extremely high con-
centrations of peptide (80–100 µM), and, second, the toxic effects were
extremely delayed requiring from 3 to 10 days of treatment. It is interest-
ingly to note that the similar concentrations (10 µM) and time of incuba-
tion (7 days) was also observed for PrP106, the synthetic 106 amino acid
long peptide although it was proposed, in light of its physico-chemical
characteristics, to represent a “miniprion”30.
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In particular, when primary cultures are used, such prolonged in vitro
culture may per se induce a reduction in cell viability or increase the
susceptibility to external noxae that, in turn, may affect the final results
observed. Thus, although numerous convincing studies have already
addressed these aspects, it is always important to consider these issues
when analyzing this kind of papers.

In both in vitro and in vivo studies, the cell death induced by PrP106-
126 showed almost invariably the typical features of the programmed
cell death or apoptosis (nuclear condensation, DNA internucleosomal
cleavage, annexin V staining, caspase activation, etc.), although, in
few cases, the appearance of necrosis (i.e. LDH release) was also
observed39,45. Recently, it has been reported that purified PrPSc in-
duces a caspase-dependent apoptosis in a mouse neuroblastoma cell
line15, further showing a relationship between the effects observed using
PrP106-126 and PrPSc.

Using the human neuroblastoma cell line 5H-SY-5Y, O’Donovan and
Coll. characterized in details the initial events by which PrP106-126 trig-
gers apoptosis: the first step is a rapid mitochondrial membrane depo-
larization, followed by cytochrome C release into the cytosol and cas-
pase activation43. However, the full comprehension of the interaction of
the enzymatic steps caused by PrP106-126 is still elusive. In particular,
it was reported by different groups that the exposure of neurons and
neuronal like cells to PrP106-126 induces the activation of caspases,
but the blockade of proapoptotic enzymes does not inhibit cell death
induced by the peptide14,43,46. Thus, it has been proposed that other
mechanisms, such as free radical production, calpains and MAP kinase
activation (see below), could provide an alternative pathway to execute
the neuron14,43,46.

A precise correlation between the three-dimensional structure of PrP
and its neurotoxic effects has been identified in all prion diseases. Thus
it is extremely relevant, when using experimental models such the PrP-
derived peptides, to verify whether such relationship is preserved. Nu-
merous studies addressed this issue using mutant or modified PrP106-
12624,27,35,41, and a general consensus was identified on the absolute
requirement of β-structured peptides to induce neurotoxic effects. A
more complex scenario involved the analysis of the role of the gen-
eration of amyloid in such toxic effects. Indeed while it was reported
that β-structured PrP106-126 mutants, unable to aggregate in classi-
cal amyloid fibrils, retain the same neurotoxic activity and intracellular
mechanism activation like the PrP106-126 w.t.24,27,47 and similar data
were also reported using the PrP118-13529 and PrP106

30, in other re-
ports the fibrillogenesis was considered a prerequisite for the capabil-
ity of PrP106-126 to kill cells35,41. Indeed, in these reports introducing
mutation that abolished the amyloid aggregation of PrP106-126 was
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observed also a lack of neurotoxic activity. This apparent discordance
of results may be resolved considering that in these reports the relative
participation to the toxic effects of the soluble β-structured peptide and
the amyloid fibrils was not evaluated. Indeed in the previously cited pa-
pers, the soluble component of the PrP106-126, representing protofib-
rillar intermediates, likely present in all the β-structured peptides, was
reported to be neurotoxic. A similar concept was recently developed for
all the amylodogenic diseases, including Alzheimer’s and Parkinson, as
well as for fibrillogenic proteins unrelated to human pathologies31.

To identify the molecular pathways involved in the apoptotic activity
of PrP106-126, a great effort was dedicated to the search for possible
cellular proteins interacting with the peptide able to trigger biochemical
signals inside the cell. Indeed, the peptide through a direct interaction,
was reported to alter some properties of the cell membrane such as the
increase in its microviscosity48. Numerous candidates were proposed,
in different studies, as PrP106-126 receptors, including the p75 NGF
receptor49, the formyl peptide receptor-like 150 and the L-type voltage
sensitive calcium channels2, while other authors identified a direct in-
teraction with DNA51. Such a various array of possible transducer of
PrP106-126 effects reflects mainly the different cell types analyzed but
does not allow the identification of a unifying theory. Another research
line proposes that the interaction of PrP106-126 with the target cells
is dependent on the binding to the cellular PrP (PrPC). The first evi-
dence in this direction was based on experiments using neuronal cells
derived from PrP-knockout mice. Using these cells, Brown et al.52 re-
ported that in the absence of PrPC no signs of PrP106-126 (but not
PrP118-13516)-dependent toxicity are observed. This observation, that
was subsequently replicated in few reports 33,35,53, represents another
analogy between the cellular effects of PrP106-126 and PrPSc, since
the latter protein require PrPC to replicate itself and, in turn, cause neu-
rodegeneration.

The interaction of PrP106-126 with PrPC was shown to involve the
amino acids 112-11954 and the preincubation with antibody directed
against such amino acids was able to rescue neuronal cells from the
PrP106-126 neurotoxicity. Moreover, the relevance of these amino acids
for the interaction between PrP molecules was further demonstrated in
a report showing that a peptide encompassing the amino acids 113-120
of PrP was able to prevent the in vitro conversion of PrPC in PrPSc55. A
still open issue in these studies is represented by the biological effects
induced by the interaction between the PrP106-126 and PrPC. A first
paper, using immunoprecipitation protocols showed that PrP106-126
was able to strip the PrPC from the cell membrane and, thus, it was
speculated that the toxicity of the peptide relay in a loss of function
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of survival signals activated by PrPC, such as its proposed superoxide
dismutase activity54,56.

A completely different scenario was proposed by Singh and Coll. that
showed that chronic incubation of neuroblastoma cells with PrP106-
126 resulted in an accumulation of the peptide inside the cells caus-
ing, through the interaction with PrPC, the accumulation of PrPSc-like
isoforms into the lysosomes favoring the generation of PrP truncated
isoforms (CtmPrP) that were responsible of the cell death57,58. This is
a very suggestive hypothesis since CtmPrP was identified also in the
brain of some prion diseased patients, although the incredibly (at least
for cell culture studies) long incubation necessary to obtain this effect
(1 to 4 months) raise some questions on the real relevance of this
phenomenon.

An alternative mechanism by which the interaction with the cells may
result in a toxic effect was proposed following the observation that
PrP106-12659, as well as PrP82-14660 caused the formation of cation
channels in planar lipid membranes. Thus, it was suggested that the al-
teration of the intracellular cation concentration via the peptide-formed
channels may represent another possible mechanisms of toxicity, al-
though this activity was not unanimously confirmed61.

Finally, co-culture studies showed that, beside a direct toxicity, PrP-
derived peptides may also affect cell viability through an indirect
mechanism involving the generation of oxygen radical species (ROS)
production by the microglia. Indeed it was reported that co-culturing
cerebellar neurons in the presence of purified microglial cells the tox-
icity of PrP106-126 was greatly increased33. Moreover, these Authors
reported that PrP106-126 was able to directly induce microglia to re-
lease ROS and that the pretreatment with antioxidants prevented the
neurotoxic effects of the peptide33. This observation, altogether with
other reports showing a modulation of astrocyte and microglia activ-
ity by PrP106-1262,3,22,23,34,62−64, is particularly relevant since in prion
diseases affected brain the accumulation of prions starts in glial cells,
gliosis is a precocious hallmark of these diseases7,65 and microglia were
reported to retain the same infectivity as whole brain homogenate66.

Thus, glia activation is now considered an early effect in prion-
dependent neurodegeneration and the in vitro reproduction of such
effect by PrP106-126 further reinforce the significance of this peptide
as a model to address the pathological changes during prion diseases.
Interestingly, microglial cells derived from PrPo/o mice are still able to
respond to PrP106-126 treatment with the release of radical species,
in a way resembling that observed in microglial cultures derived from
wild type animals33. From these evidences emerge that glial activa-
tion by PrP106-126 may involve completely different mechanisms than
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Figure 11.2. Examples of PrP106-126 neurotoxicity in vitro.
A. Cerebellar granule cells cultured for 14 DIV (days in vitro) and treated for the last
3 and 7 days with PrP106-126 100 µM. Peptide neurotoxicity is evidenced by the pro-
gressive fragmentation of neurite network and condensation of cell bodies.
B. Human neuroblastoma SH-SY5Y cells have been differentiated with cis-retinoic acid
and treated for 5 days with PrP106-126 (100 µM). The exposure to the peptide induces
cell shrinkage, cell body fragmentation and their progressive detachment from the sub-
strate.

the direct toxicity induced by the peptide, since the latter phenomenon
requires the expression of PrPC.

11.6. Signal transduction of PrP106-126

To date, a large number of the studies about the neurotoxic effects of
PrP-derived synthetic peptides were aimed to identify specific intracel-
lular pathways activated by PrP106-126 or similar peptides.

However, although an impressive number of enzymatic systems have
been reported to be activated or inhibited by these peptides (see
Table 11.1), a clear and exhaustive identification of an intracellular cas-
cade that specifically mediates prion peptides neurotoxicity still need to
be provided67.

For example, although it is generally accepted that PrP106-126 and
other prion related peptides can activate the apoptotic program, some
uncertainty exists about the chronology or the events that follow the
interaction of the cell with the peptide and how they contribute to the
apoptotic cascade.

Late apoptosis features, including annexin-V binding, chromatin con-
densation and DNA cleavage have been widely reported using prion
derived peptides1,14,29,37,40,43,52, but less consistent are the reports on
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Table 11.1. Intracellular signalling induced by PrP-derived peptides.

Proposed signalling Experimental models Peptide References

Caspase activation CGC, CN PrP106-126 14,43,46,68
CN PrP118-135 16,29

NMDA receptor
over-stimulation

CN, CGC PrP106-126 69

VSSC channel blockade CGC, GH3 PrP106-126 36, 40
Mitochondrial depolarization,

cytochrome C translocation
to cytosol

SH-SY5Y PrP106-126 43

p38 MAP kinase activation SH-SY5Y PrP106-126 14, 24, 47
microglia 64

Calcineurin activation CN PrP106-126 45
AA release, 5-LOX activation CGC PrP106-126 38
GSH reduction, bcl-2

reduction
CN PrP106-126 79

Hydrogen peroxide generation Cell free reaction∗ PrP106-126 82
Free radicals and

proinflammatory cytokines
production

microglia PrP106-126 33, 63, 64

Plasmamembrane CN PrP118-135 29
destabilization

Plasmamembrane
microviscosity

CGC and glia PrP106-126 48

CGC: cerebellar granule cells, CN: cortical neurons, GH3: rat pituitary adenoma cells,
SH-SY5Y: human neuroblastoma cells. ∗PrP106-126 is incubated with Cu2+ before
the addition of Fe2+

the early events. In some studies, mitochondrial depolarization, with
the consequent release of cytochrome C, has been shown to be an
early event following cell exposure to PrP106-126, causing the subse-
quent activation of caspases43. More recently, PrP106-126, along with
the Alzheimer’s disease-related peptide Aβ25-35, has been reported to
induce mitochondrial cytochrome C release and caspase activation via
the activation of calcineurin and BAD45. However, although PrP106-126
and other amyloidogenic peptides have been commonly reported to elicit
the activation of caspases, their role in the execution of the apoptotic
program is still poorly understood. Indeed, studies using different cell
models have shown that either the direct or indirect blockade of these
proapoptotic enzymes does not inhibits cell death14,43,46,68. It has there-
fore been proposed that other events may act in concert with caspases
to kill neurons.

Unfortunately the studies that tried to investigate this aspect led to
the identification of very different intracellular players, although, in spite
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of these discrepancies, likely dependent on the cell model used, it is
still possible to identify few key mediators of the proapoptotic effects of
PrP106-126. Among them, a higher consensus was identified on per-
turbation of Ca++ homeostasis, activation of p38 MAP kinase, and gen-
eration of free oxygen radicals.

Alterations in the intracellular Ca++ concentrations represents one
of the more commonly identified PrP106-126-mediated cytotoxic signal.
For example in both the previously mentioned papers43,45, as well as
in experiments using purified PrPSc15, a release of Ca++ from the en-
doplasmic reticulum precedes the activation of caspases. In particular
Agostinho et al. correlate this event with the activation of calcineurin
while O’Donovan et al. identified the activation of the lysosomial en-
zyme calpain as the target for the increased [Ca++]i. Interestingly,
in both cases the inhibition of calcineurin or calpain was required to
prevent the PrP106-126 toxicity, being the simple caspase blockade
ineffective.

Several other laboratories have also investigated whether [Ca++]i
variation may play a role in the prion related cell death using cultured
neurons or neuronal-like cell lines as experimental models36,40,42,69. For
example, the exposure of cortical neurons to PrP106-126 evokes an
increase of intracellular [Ca++] through the activation of both the volt-
age dependent Ca++channels and the NMDA gutamate receptors69.
On the other hand, using electrophysiological measurements, it was
reported that the blockade of the L-type voltage sensitive calcium chan-
nels by PrP106-126 is responsible for the apoptosis in cerebellar granule
cells36. This discrepancy could be explained considering the peculiarity
of the cell system studied being the cerebellar granule cells, differently
from cortical neurons, absolutely dependent for their survival from the
chronic activity of the voltage dependent Ca++ channels70. Moreover,
a similar inhibitory effect was obtained using longer recombinant PrP
fragments71. Thus, the experimental model used seems to deeply influ-
ence the intracellular signalling activated by PrP106-126 to induce apop-
tosis. In any case studies on glial cells (both astrocytes and microglia),
in which PrP106-126 exerts a trophic action (proliferation, stimulation of
the release of cytokines or radical species) rather than cell death, pertur-
bation of the [Ca++]i represent also one of the main intracellular systems
regulated by PrP peptides2,72,73, further supporting the relevance of this
signalling in the prion related cellular effects.

The human neuroblastoma cell lines, such as SH-SY5Y cells, are
responsive to the apoptotic cell death induced by PrP106-126. These
cells have been extensively studied to dissect the intracellular pathways
occurring during neuronal death and therefore have been also used to
discover the intracellular pathways activated by PrP-derived peptides.
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Interestingly studies on these cells allowed the identification of the MAP
kinase p38, but not ERK1/2 or JNK, as one of the mediator of the PrP106-
126-dependent apoptosis14,47. Among the member of the MAP kinase
family, p38 was reported to induce apoptotic cell death in response to a
variety of external stimuli, being often involved as mediator of cell death
in different neurodegenerative disorders74. This observation suggests
that also in prion diseases p38 may play a significant role in the induction
of neuronal death. Again, in this study was reported that although both
caspases 3/7 and p38 were activated after PrP106-126 treatment, the
inhibition of caspase activity alone did not prevent the cells to undergo
to apoptosis but was also necessary the blockade of p3814. In this con-
text it is important to observe that a caspase independent75 and p38
dependent76 neuronal death has been reported.

It has been also proposed that PrP106-126 induces neuronal
death inducing oxidative stress through the generation of free radical
production67. In particular, the exposure of primary neurons to the pep-
tide causes a reduction of Cu++/Zn++ superoxide dismutase (SOD) and
glutathione reductase activities77−79. Interestingly, PrPC has been re-
ported to bind copper via its octarepeats domain and has been sug-
gested to function as a superoxide dismutase56. Thus, it was proposed
that the toxicity of PrP106-126 is dependent on its interaction to the cop-
per binding region of PrPC that in turn may impair the antioxidant prop-
erties of the cellular protein54. The decrease in GSH content caused by
the exposure of cortical neurons to PrP106-126 was also coupled to a
decrease of the expression of the antiapoptotic protein Bcl-2 and both
mechanisms are believed to cooperate to kill neurons78,79.

The contribution of metal (mainly Cu++ and Zn++) to PrP106-126
induced cell death was also supported by the identification of metal
binding sites on the peptide28 and by the observation that mutations of
these residues (His111, Met102) or metal chelation, reverted PrP106-126
toxicity.

It is important to note that most evidences about the involvement of
oxidative stress and copper imbalance in the neuronal death by PrP106-
126 have been obtained by in vitro studies, although metal perturba-
tion and oxidative damage actually occur during prion diseases in vivo.
In fact, immunochemical studies reported that cortices from scrapie-
infected mice show positive immunostaining for nitrosylated tyrosine
residues, a marker for peroxynitrite generation80. In mice, intracerebrally
transmitted scrapie causes perturbation of brain metal homeostasis that
is characterized by a decrease in copper content and an increase in
manganese, that correlate with the onset of neurodegeneration81. Along
with Cu++/Mn++ imbalance, a progressive reduction of Cu++/Zn++ SOD
was also reported81. However, to date, a causal relationship between
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copper chelating property of prion protein and its antioxidant activity is
not completely characterized, from a mechanistic point of view. In fact,
PrP0/0 neurons are in the meantime more sensitive to oxidative stress78

and insensitive to PrP106-126 toxicity52: the combination of these find-
ings contrasts with the idea that the oxidative stress may represent a
pivotal and specific mechanism in the neurodegeneration induced by
the peptide. Nevertheless, it is possible that the free radical generation
and the consequent oxidative stress may represent a sort of intermedi-
ate executioner necessary to induce neuronal death by the PrP106-126.
In fact, in cell free systems, PrP106-12682 as well as recombinant PrP
fragments83, has been also reported to generate free radicals that may
participate in render cells more vulnerable to oxidative stress. In these
studies, by electrospin resonance spectroscopy (ESR), it was observed
that PrP106-126, in the presence of reduced copper ions (Cu++), cat-
alyzes the formation of peroxide hydrogen that can be further converted
into hydroxyl radical by the fenton reaction.

It is thereafter conceivable that the oxidative damage evoked by neu-
ronal exposure to PrP106-126 may arises from both a direct generation
of radical species by the peptide and a reduction of the free radical
scavenging systems of the neuron.

Finally, PrP106-126 has been also used to investigate the role of
arachidonic acid (AA) metabolism in prion encephalopathies. In partic-
ular, Cappai and Coll. demonstrated that the toxicity of the peptide in
primary cultures of cerebellar granule cells is mediated by the activa-
tion of NMDA receptors with consequent elevation of [Ca++]i that in turn
regulates the release of AA and the activation of the 5’-lipoxygenase
pathway38.

The wide range of different intracellular systems involved in the neu-
rotoxic effects of PrP106-126 coming out from all these data, although
likely reflecting the real complexity of the scenario occurring during the
neuronal death in prion diseases, has not allowed the identification of
specific targets for the possible development of new drugs. However,
these data may represent a starting point for a more stringent analysis
using more specific experimental models.

11.7. PrP106-126 as a tool to screen for
anti-neurodegenerative drugs effective
in prion diseases

As detailed in the previous paragraph, an impressive amount of stud-
ies tried to identify possible therapeutical target for the prion-dependent
neurodegeneration. Indeed, the development of in vitro models to study
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the neuronal cell death during prion diseases, represents the main goal
of all the researches using PrP106-126 or other PrP-derived synthetic
peptides, although their usefulness to develop therapeutic strategies
for prion diseases has been questioned since these peptides are not
infectious and do not cause conversion of PrPC to PrPSc. Neverthe-
less, PrP106-126 sharing with PrPSc neurotoxic/gliotrophic properties,
according to the hypothesis that infectivity and cell death effects are dis-
tinct phenomena, may represent the first in vitro approach to evaluate
the potential effectiveness of compounds able to prevent the neuronal
death occurring during prion diseases. In particular the research was
focused mainly analyzing the effects of drugs affecting the most repro-
duced cell alterations induced by PrP106-12684. Moreover in few cases
the same protective effects were observed using both synthetic peptides
and purified PrPSc (for example antagonism of NMDA receptors)85.

To date, the mechanisms of protection for the most promising drugs,
involving both direct and indirect effects are:

1. antioxidant activity both direct by free radicals scavengers or
indirect targeted to increase cell resistance to oxidative stress;

2. impairment of prion peptides ability to acquire toxic properties
(aggregation and PK resistance);

3. down-stream effects (prevention of apoptosis).

The first possible therapeutical approach was proposed by Brown and
Coll.33 that identified an indirect mechanisms for the PrP106-126 me-
diated cell death, via the microglia production of free radicals. They
demonstrated that the co-incubation of vitamin E and N-acetyl cysteine
prevented the cerebellar neuron death induced by the peptide.

The NMDA antagonist flupirtine was reported to inhibit neuronal death
induced by PrP106-126 via the interference with radical oxygen gener-
ation. However, in these studies the protective effect was induced by
preventing the inhibitory effect of PrP106-126 on the intracellular con-
tent of reduced glutathione (GSH) resulting in an increased expression
of the antiapoptotic protein Bcl-279,85. The same neuroprotective activity
of flupirtine was also observed against PrPSc-dependent neuronal death
and was mimicked by the other NMDA antagonist memantine18.

The anti-malaric drug quinacrine represents the first therapeutical
approach in patients affected by Creutzfeldt-Jacob disease. Indeed it
was reported that quinacrine (as well as chorpromazine, a phenoth-
iazine derivative) is able to abolish scrapie infectivity in vitro, by pre-
venting PrPC-PrPSc conversion86. Recently, quinacrine has been ob-
served to reduce the neuronal death in vitro induced by PrP106-126.
This protective effect was reported to be dependent on the ability of
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quinacrine to block hydrogen peroxide generation and scavenge the
hydroxyl radicals produced upon neuronal exposure to PrP106-12687.
Moreover, quinacrine has been reported to inhibit the activity of the cation
channel formed by PrP106-126 in synthetic lipid bilayers88. Conversely,
quinacrine (differently from tetracyclines, see below) was reported to
be ineffective in revering the partial protease resistance of PrP106-126,
PrP82-146 or purified PrPSc89.

Good therapeutic expectations derived from the study of the potential
anti-prion activity of tetracyclines. Indeed, compounds of this class of
antibiotics showed, in vivo, the ability to prolong the incubation time
of the disease after experimental scrapie transmission90. The possible
molecular mechanism for such effect was also partially identified. Tetra-
cycline, by virtue of its hydrophobicity, was report to bind to PrP106-
126 and PrP82-146 inhibiting their ability to aggregate and their PK
resistance91. Importantly these physico-chemical changes induced by
tetracycline treatment, were correlated with the abolishment of both neu-
ronal death and glial proliferation caused by PrP106-12691.

The compound squalestatin (that inhibits the conversion of squalene
to cholesterol) has been reported to protect neurons against the toxicity
induced by the prion peptides PrP106-126, PrP82-146 and sPrP106,as
well as partially purified PrPSc. It has been proposed that squalestatin
interferes with the peptide induced increase in cellular cholesterol and
prostaglandin E2(PGE2) release, events related to neuronal injury in
prion diseases44.

Finally, the neuronal cell death induced by the peptide PrP118-135
was reported to be inhibited by humanin, a peptide that has already
shown to protect neurons from the Alzheimer’s amyloid-β peptide neu-
rotoxicity, presumably through the blockade of a still unknown apoptotic
early event92. In Table 11.2 are summarized the most studied com-
pounds that have been demonstrated to interfere with the toxicity of
prion-related synthetic peptides, in vitro, and the proposed mechanisms
for their activity.

11.8. Conclusions and future perspectives

The identification of effective drugs for prion diseases represents a
goal still very far to be achieved. The peculiarity of the transmission of
these diseases, being infective, sporadic or familial, does not allow even
the identification of specific targets for pharmacological intervention. At
least three possible targets may be proposed for an ideal antiprion drug:
1) inhibition of the prion replication process; 2) inhibition of the gener-
ation of toxic isoforms; 3) inhibition of specific neurotoxic intracellular
pathways responsible for the neuronal death. In particular the studies
performed with PrP-derived synthetic peptides have mainly addressed
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Table 11.2. Mechanism of action of potential drugs, reported to be effective as neu-
roprotective agents in experimental models of prion diseases, in vitro

Drug Possible Mechanism Peptide References

Vitamin E, N-acetyl
cysteine

Radical scavenger activity PrP106-126 33

Flupirtine Inhibition of GSH reduction,
increase of bcl-2 expression

PrP106-126 79,85

Quinacrine Inhibition of H2O2 generation,
hydroxyl radical scavenging
Blockade of the channels
formed by the peptide.

PrP106-126 87
88

Tetracyclines Blockade of aggregation,
disruption of preformed fibrils,
inhibition of PK resistance.

PrP106-126
PrP82-146

91

Squalestatin Cholesterol depletion, decrease
of PGE2 release

PrP106-126
PrP82-146
PrP106

44

the latter issue. Unfortunately, although they significantly increased our
knowledge about some biophysical, biochemical and pathological char-
acteristics of PrPSc, due to the intrinsic limitations of the experimen-
tal model did not completely accomplished the duty of identify specific
molecular targets for antiprion drugs. Indeed, being intrinsically toxic,
these peptides were able to interfere with proapoptotic intracellular path-
ways specific for the neuronal cell model used rather than with “prion
specific” mechanisms. This limitation caused the generation of an in-
credible high amount of data without the definition of potential drug tar-
gets. Thus, it is mandatory to evolve this experimental model. In partic-
ular, in the past few years, using the recombinant DNA techniques have
been generated a number of extended PrP fragment (i.e. corresponding
to the a.a. 90-231 or 121-231) that seem to represent a more faithful
experimental model for prion disease. In particular for their longer se-
quence, the use of this fragment may conjugate the three-dimensional
features of PrP with its toxic properties. In this way these recombinant
PrP molecules may provide information on the relationship between the
structural characteristics of PrP, its molecular determinants of toxicity
and the final cellular effects. Hopefully the development and validation
of these new experimental models may favour the identification of really
effective therapies at least to control the progression of prion diseases.
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12.1. Summary

The cellular prion protein (PrPC), though apparently innocuous, is
the main agent responsible for infectious, familial, and sporadic prion
disorders. Through its remarkable ability to undergo a change in con-
formation from a mainly α-helical to a β-sheet rich conformation com-
monly referred to as PrP-scrapie (PrPSc), PrPC becomes infectious and
pathogenic, a feature that is unique to this glycoprotein1−4. Over the
years, most studies have focused on the mechanism of PrPC to PrPSc

conversion and its subsequent transmission to susceptible hosts, ig-
noring the less common familial prion disorders that result from point
mutations in the prion protein gene (PRNP). In these disorders, mutant
PrP (PrPM) is presumed to undergo a spontaneous change in confor-
mation to PrPSc without participation from an exogenous source of in-
fectious PrPSc. Once initiated, the process proceeds exponentially, and
deposits of mutant PrPSc are believed to result in the neurotoxicity ob-
served in familial cases of prion disorders5,6. However, prion-specific
neuropathology is often observed in the absence of detectable PrPSc,
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indicating the presence of alternative pathways of neurotoxicity in certain
cases of prion disorders7. Recent studies on the processing of normal
and mutant PrP underscore the importance of abnormal metabolism
and various topological forms of PrP in prion disease pathogenesis8. In
this chapter, we will review information on the complex pathways of in-
tracellular trafficking and metabolism of normal and various mutant PrP
forms, and highlight some of the abnormal pathways that may contribute
to neurotoxicity in familial prion disorders.

12.2. Introduction

Familial disorders result from point mutations in the prion protein gene,
and account for ∼15% of all reported cases of prion disorders. Based
on the phenotypic presentation, these disorders have been classified as
Gerstmann Straussler Scheinker disease (GSS), Creutzfeldt Jakob dis-
ease (CJD), and fatal familial insomnia (FFI). These disorders are inher-
ited as autosomal dominant traits with a penetrance of ∼90%. More than
25 different point mutations and octapeptide repeat insertions in PRNP
have been described, with little correlation between the mutation and the
associated phenotype. Point mutations at codons P102L, P105L, A117V,
G131V, Y145stop, F198S, D202N, Q217R, M232T, and insertions of oc-
tapeptide repeat sequences segregate with GSS, whereas mutations
at codons D178N, V180N/M232R, T183A, E200K, R208H, V210I, and
M232R are associated with CJD. The neuropathology in most familial
cases has been attributed to a spontaneous change in the conforma-
tion of PrPM to PrPSc, resulting in intra- or extracellular accumulation
of aggregated and partially protease-resistant PrPSc (2,3,5). However,
reports indicating the presence of prion-specific neuropathology in the
absence of detectable PrPSc leave open the question whether PrPSc

deposition is an obligatory step for the development of neurotoxicity9,10.
Recent evidence indicates that mis-processing of PrPC and PrPM, and
in some cases alternative topological forms of PrP may be the under-
lying cause of neurotoxicity in several familial prion disorders11−16. A
diagrammatic representation of PRNP mutations segregating with fa-
milial disorders is shown in Figure 12.1.

12.3. Is PrPSc the key pathogenic agent in familial
prion disorders?

The high correlation between PrPSc deposits and neurodegeneration
has led to the belief that accumulation of aggregated and protease-
resistant PrPSc is an obligatory step in the pathogenesis of prion
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Figure 12.1. Point mutations in PrP associated with disease. Precursor PrP polypep-
tide that has not undergone processing in the ER is shown to represent the mutations
in the GPI-SP. Following translocation into the ER, both the N-SP and the GPI-SP are
cleaved, and a GPI anchor is added to residue 231 of PrP.

disorders7. Immunohistochemical staining of diseased brains shows a
high correlation between the rate and extent of PrPSc accumulation
and the incubation period and severity of the central nervous system
(CNS) vacuolation, lending credence to the above belief. In most cases
PrPSc deposition precedes vacuolation, suggesting a causal relationship
with the observed neuropathology. Nevertheless, as in other amyloid-
related diseases, neurodegeneration does not always show the same
topographic distribution as amyloid plaques. In fact, prion disease with
all its pathological hallmarks has been reported without any detectable
PK-resistant PrPSc, and PK-resistant PrPSc has been generated without
infectivity10. In GSS resulting from PrP102, brain pathology and trans-
missibility to animals has been demonstrated without any PK-resistant
PrPSc. Similar observations have been made in transgenic mice ex-
pressing PrP102. Brain extracts from these animals transmit disease to
recipient animals with consequent spongiform degeneration and amy-
loid plaques with little or no PrPSc (9). In GSS due to PrP145, the conven-
tional PrPSc fragment does not even exist due to a stop codon mutation
at residue 145 of PrP, resulting in a C-terminally truncated protein. Yet
the brain shows numerous PrP plaques and Tau positive neurofibrillary
tangles17.

In a recent report, cytosolic expression of even small amounts of PrP
led to neurotoxicity in transgenic mice, resulting in typical features of
prion disease without significant PrPSc accumulation13−16. Increasing
amounts of cytosolic PrP led to the formation of PrPSc and its further
propagation16. Subsequent studies have challenged these results, sug-
gesting that the cytosolic presence of PrP is probably an experimental
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artifact18. Another report indicates a protective role of cytosolic PrP in
human neurons rather than toxicity20. Although the role of cytosolic PrP
is controversial, retro-translocation of wild type and mutant PrP forms
from the ER to the cytosol has been reported in several instances, and
could potentially lead to significant accumulations if proteasomal func-
tion is sub-optimal21,22. Further studies are needed to clarify the mech-
anism of toxicity by cytosolic PrP and improve our understanding of this
intriguing phenomenon. Additional observations demonstrating prion-
mediated neurotoxicity in the absence of significant PrPSc deposits in-
clude transgenic mouse models with astrocyte-specific PrP expression.
In one mouse model, neuropathological changes induced by inocula-
tion of infectious prions were reversed by turning off PrP expression in
the neuronal population23. Although the authors ascribe this effect to a
lack of PrP substrate in the neurons, expression of PrP only in astro-
cytes has been shown to induce neuronal death regardless of neuronal
PrP expression24. A similar observation has been reported in PrPnull

mice with only astrocyte-specific expression of PrP25. Likewise, expo-
sure of astrocytes to PrPSc brain homogenate has been shown to in-
duce neuronal death even when separated from the neuronal culture
by a membrane26. Together, these observations suggest an indirect role
of PrPSc in the generation of neurotoxicity, perhaps through permeable
factors generated by astrocytes or other supporting cells in the brain
parenchyma. However, the nature of cells that mediate this toxicity is
unclear at present. A similar complexity surrounds the nature of the
neurotoxic signal in familial prion disorders, some of which are not in-
fectious in nature. Although PrPSc deposits are observed in some familial
cases, the correlation is not persuasive, suggesting the contribution of
alternative or additional metabolic processes in the initiation of neuronal
death in such cases.

12.4. Processing of cellular PrP

In human neuroblastoma cells, PrPC is synthesized in the endoplas-
mic reticulum (ER) in three topological forms; secretory PrP (secPrP),
and two transmembrane forms with either the carboxyl terminus or the
amino terminus in the ER (CtmPrP and NtmPrP respectively)11,12. SecPrP,
synonymous with PrPC, is by far the most abundant. Like other mem-
brane proteins, the N-terminal signal peptide (N-SP) of secPrP is cleaved
co-translationally, and the C-terminal GPI signal peptide (GPI-SP) is
removed in a transamidation reaction with the concomitant addition of
a pre-assembled GPI anchor in the ER. Simultaneously or in a subse-
quent reaction, immature high mannose glycans and the disulfide bond
are added to the nascent polypeptide, which is then transported along
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the secretory path. During its transit through the Golgi, the glycans are
modified further, resulting in three distinct PrP forms; the unglycosylated
form that does not acquire high mannose glycans in the ER and thus
maintains its unglycosylated nature, mono-glycosylated form, and the
di-glycosylated, sialylated forms. All three glycoforms are expressed on
the cell surface, linked to the outer leaflet of the plasma membrane by
the GPI anchor27−29. Thus, PrPC or SecPrP belongs to the distinct sub-
set of ‘GPI-linked’ proteins that exhibit several special characteristics
conferred by the GPI moiety30,31. In addition to serving as an elegant
anchoring device, the GPI anchor influences the targeting and func-
tioning of PrP in important ways. Like most GPI-linked proteins, PrP
resides in cholesterol and sphingolipid rich membrane domains on the
cell surface32. It recycles constitutively between the plasma membrane
and the endocytic compartment, where 1–5% of the total pool is pro-
teolytically cleaved, and the C-terminal 18kDa fragment is cycled back
to the cell surface33. This fragment has a long half-life on the plasma
membrane, and it is unclear if it undergoes any further recycling. Con-
vincing evidence indicates that the conformational change of PrPC to
PrPSc occurs in these lipid-rich membrane domains at the cell surface
or in an endocytic compartment32. Since β-sheet rich proteins have
a propensity to intercalate within cholesterol-rich domains, these lipid
microdomains serve as an optimal site for the conversion of PrPC to
PrPSc. Moreover, PrPSc and PrPC would reside longer in these domains
since GPI-linked proteins are endocytosed three-times slower than other
membrane components, allowing more time for interaction. Depletion
of cellular cholesterol or replacement of the GPI anchor of PrP with a
transmembrane anchor diminishes the efficiency of PrPSc formation32,
probably since such a treatment enhances the rate of recycling of GPI
linked proteins or displaces them from lipid rafts30. Thus, the GPI anchor
facilitates PrPSc propagation because of its special characteristics.

However, conflicting reports suggest that PrP undergoes clathrin-
mediated endocytosis despite the presence of a GPI anchor, perhaps
through interaction with a neighboring transmembrane protein that leads
PrP to the classical endocytic pathway34. The N-terminal domain of
PrP is believed to mediate this interaction, since a series of deletions
in this region reduce the internalization of PrP35. Interestingly, binding
of copper ions to this same region enhances the endocytosis of PrP,
an observation that has been explained by hypothesizing that perhaps
copper increases the interaction of the putative transmembrane pro-
tein with PrP36. Sulfated glycans have also been proposed to stimu-
late the endocytosis of PrP selectively, and consequently reduce the
formation of PrPSc in infected cells37. However, the mechanistic de-
tails of either phenomenon are unclear, and raise interesting questions
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regarding the endocytosis and recycling of PrPC, and its conversion to
PrPSc.

At steady state, majority of PrP on the cell surface is represented by
the proteolytically processed, C-terminal 18kDa fragment of PrP linked
by the GPI anchor, and not by full-length PrP. This fragment arises from
PrP by cleavage at residues 111/112 in an endocytic compartment dur-
ing its normal recycling from the plasma membrane8,33. In addition, a
C-terminal fragment of 20kDa is also expressed on the cell surface,
linked by the GPI anchor. This fragment appears to be a metabolic prod-
uct of transmembrane PrP (CtmPrP), derived from proteolytic cleavage
of CtmPrP at the ER membrane40,41. Full-length PrP forms have a half-
life of about 6 hours, whereas the truncated 18kDa fragment has a
much slower rate of turnover28,29. Lysosomes are the major compart-
ment of PrP turnover. However, a recent report indicates that a small
amount of normal PrP (10%) undergoes degradation by the protea-
somal pathway21. The molecular details of this process are presently
unclear.

The transmembrane CtmPrP and NtmPrP forms span the lipid bilayer
through a conserved, hydrophobic segment of PrP including residues
111-134. Normally, these forms represent ∼2–10% of the total PrP
synthesized in a given cell. However, point mutations in or close to
the hydrophobic domain or infection by exogenous PrPSc upregulate
the synthesis of CtmPrP to as much as 20–30% of the total PrP, impli-
cating this transmembrane form as an important mediator of cytotoxi-
city in prion disorders11,12. The CtmPrP is glycosylated, GPI-linked, and
is believed to maintain an uncleaved N-terminal signal peptide in the
cytosol38,39. Details about the transport of CtmPrP from the ER are
presently unclear. Conflicting reports indicate its retention in the ER, ac-
quisition of endoglycosidase-resistant mature glycans indicating trans-
port to the Golgi, or processing in the ER to generate a C-terminal frag-
ment that is transported to the cell surface11,12,38−41. Information about
any post-translational modifications of NtmPrP is presently lacking. A di-
agrammatic representation of the processing and turnover of PrPC is
shown in Figure 12.2.

12.5. Mis-processing of mutant PrP

Mis-processing of normal and mutant PrP has the potential to initiate
neurotoxicity by a variety of mechanisms. Aberrant processing may oc-
cur due to point mutations in PrP, or as a sporadic event. The percentage
of PrP that is degraded by the proteasomes increases substantially in
the presence of point mutations, which confer distinct post-translational
anomalies depending on the location of a particular mutation in the PrP
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Figure 12.2. Processing of PrPC. PrPC is synthesized in three distinct topological forms
at the ER. PrPC or SecPrP is transported and linked to the plasma membrane by a GPI
anchor. During constitutive rounds of recycling through lipid rafts or clathrin-coated pits,
SecPrP is truncated at residue 111/112, and the C-terminal 18kDa fragment is trans-
ported back to the plasma membrane. CtmPrP is either retained in the ER (1), truncated
at ∼residue 90 and the C-terminal fragment is transported to the plasma membrane
(2), or is transported to the Golgi apparatus (3), beyond which its fate is uncertain.
The fate of NtmPrP is unclear. PM: plasma membrane; E: endosome; L: lysosome; ER:
endoplasmic reticulum; N: nucleus.

coding region. As a result, the transport and processing of mutant PrP
are altered in distinct ways depending on: 1) the addition of glycans at
one or both sites, 2) presence or absence of the GPI anchor, 3) presence
or absence of the GPI signal peptide, 3) presence of an intact C-terminal
domain which is eliminated in certain stop codon mutations, and 4) the
overall folding state of the polypeptide. In each case, abnormal PrP forms
are marked by the ER quality control42. However, unlike other misfolded
proteins, PrP may mediate cytotoxicity by undergoing a conformational
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change to PrPSc in the ER, or by alternative, presently poorly understood
pathways.

To avoid accumulation of such misfolded and potentially toxic protein
aggregates, cells have developed sophisticated mechanisms to ensure
correct folding and targeting of polypeptides, and expend a consider-
able amount of basal metabolic energy in eliminating improperly folded
proteins43. Several checkpoints have been developed along the secre-
tory path to ensure the highly selective nature of this process, beginning
with the ER19. Examples of stringent quality control are evident in several
cases of mutant PrP processing. Thus, abnormally glycosylated mutant
PrP183A associated with CJD is retained in the ER44, whereas PrP200K

carrying abnormal glycans exits the ER but accumulates in the lyso-
somal compartment45. In other cases, aberrantly glycosylated mutant
PrP forms have been reported to assume a PrPSc-like conformation46,47.
Mutant PrP in GSS Q217R is diverted to the lysosomes, where it as-
sumes a partially protease-resistant conformation55. The GPI anchor,
in addition to its function as an anchor, plays a critical role in promoting
PrP folding and transport48,49. Although a deficiency of the anchor by
itself does not cause a significant disruption in the normal processing
and transport of PrP50, its absence due to persistence of the GPI signal
peptide disrupts PrP transport. PrP with the uncleaved GPI signal pep-
tide is retained in the ER in association with the chaperone BiP, and is
targeted for proteasomal degradation. Although the efforts at refolding
this form are ultimately futile, the association with BiP keeps this abnor-
mal PrP in a relatively soluble state in the ER until its final delivery to the
proteasomes through BiP-mediated retrotranslocation to the cytosol51.
If a conservative serine to threonine mutation is introduced at codon 231
of PrP, the GPI-SP is cleaved without the addition of an anchor, and the
association with BiP is lost (Figure 12.3A). As a result, a small but signif-
icant amount of PrP217R/231T is transported out of the ER (Figure 12.3B).
However, ∼80% still remains aggregated in the ER52. Surprisingly, in the
absence of the Q217R mutation, the S231T mutation causes complete
retention of the mutant protein in the ER52.

Thus, a combination of direct and indirect effects of the mutation in
PRNP determines post-translational processing and transport, and its
cellular site of accumulation. Depending on the milieu at that site, mutant
PrP either undergoes aggregation and conversion to PrPSc with conse-
quent cellular toxicity, or initiates intracellular signals that result in cell
death. Thus, in CJD and FFI associated with 178N, retro-translocated
mutant PrP accumulates in the cytosol of COS cells in aggresome-like
structures14. In addition, interference with disulfide bond formation or
glycan addition to normal PrP induces its transformation to a PrPSc-like
form, suggesting that a reducing and deglycosylating environment in
the cytosol may be conducive to PrP aggregation13. On the other hand,
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Figure 12.3. Processing of PrP217R and PrP217R/231T. (A) Following a pulse of 2 hours
with 35S-mthionine, PrP217R and PrP217R/231T cells were lysed and processed for im-
munoprecipitation with anti-PrP (lanes 1 and 2), or anti-KDEL antibodies (lanes 3 and 4),
and analyzed by SDS-PAGE-fluorography. Lysates of PrP217R immunoprecipitated with
anti-PrP antibody 3F4 show the expected glycoforms of PrP, and an additional band
migrating at 32 kDa that contains the uncleaved GPI-SP (lane 1) (55). The 32 kDa band
also immunoprecipitates with anti-KDEL antibody, suggesting an association with BiP
(lane 3) (51). Similar processing of PrP217R/231T with 3F4 demonstrates the disappear-
ance of 32 kDa band (lane 2), and absence of co-immunoprecipitation of any PrP bands
with anti-KDEL (lane 4). (B) Pulse chase analysis followed by immunoprecipitation of
PrPQ217R lysates with 3F4 shows rescue of the 32 kDa band in the presence of ALLN.
A similar analysis of PrPQ217R/S231T lysates shows absence of the 32 kDa band, and
rescue of the mono- and diglycosylated forms of PrP in the presence of ALLN.
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C-terminally truncated PrP forms associated with GSS carrying stop
codon mutations at residues 145 or 160, although retro-translocated to
the cytosol, do not aggregate. Instead, these forms accumulate in the nu-
clei of transfected cells53,54. Thus, a decline in the ER quality control with
advancing age could initiate or enhance toxicity by PrPM through several
potential mechanisms: 1) in the cytosol, PrP could form aggregates or
cause direct cytotoxicity, 2) in the lysosomes, the low pH could induce a
change in conformation to PrPSc with consequent cellular toxicity, 3) in
the nucleus, binding of PrP to nucleic acids could induce or suppress the
transcription of a variety of genes that may initiate cell death by different
mechanisms. The potential transport pathways of mutant PrP forms are
depicted in Figure 12.4.

Figure 12.4. Processing of PrPM. Inhibition of proteasomal function results in the accu-
mulation of mutant PrP178D, PrP203I, PrP211Q, and PrP212P in aggresome-like structures
in the cytosol, and of PrP145stop and PrP160stop in the nucleus (1). PrP32 with an intact
GPI signal peptide is retained in the ER (2). PrP217R and PrP200K are targeted mainly to
the lysosomes (3), whereas PrP102L shows inefficient re-cycling from the PM (4). Several
other mutant PrP forms acquire resistance to PI-PLC cleavage at the plasma membrane
(5). PM: plasma membrane; E: endosome; L: lysosome; ER: endoplasmic reticulum; N:
nucleus.
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Figure 12.5. Upregulation of CtmPrP by intracellular aggregates. Micro-aggregates of
PrP106−126 bind to the plasma membrane and initiate the aggregation of PrPC (1). Ag-
gregated proteins are endocytosed in large vesicular structures, and transported to
lysosomes (2). Intracellular PrP aggregates induce the synthesis of CtmPrP through
trans-activating factors (3). Through as yet unknown mechanism, the N-terminal re-
gion of CtmPrP is cleaved by cytosolic enzymes (4), and the C-terminal 20kDa fragment
of CtmPrP is transported to the cell surface along the secretory path (5). Truncated
CtmPrP is inserted in the outer leaflet of the plasma membrane through the GPI anchor
(6). Aggregation of mutant PrPS231T in the ER also results in upregulation of CtmPrP
(7). PM: plasma membrane; ER: endoplasmic reticulum; CtmPrP: C-transmembrane
PrP.

In addition, misfolded PrP has the potential to mediate the co-
aggregation of additional, normal PrP molecules on the aggregated
‘seed’, thereby amplifying the toxic signal. One such example is the
accumulation of mutant PrPS231T in the ER, which mediates the co-
aggregation of PrPC and upregulation of CtmPrP52. While accumulation
of PrPSc would certainly be deleterious to cellular function, it is possible
that cytotoxicity is instead mediated by CtmPrP. A similar upregulation
of CtmPrP is observed due to intracellular accumulation of aggregated
PrP106-126 fragment in neuroblastoma cells40 (Figure 12.5). The mech-
anism of toxicity by CtmPrP is unclear at present, and its elucidation poses
a significant future challenge.

Several truncated PrP forms and fragments are generated during the
processing of PrPC and PrPM. In addition to the 18 and 20kDa C-terminal
fragments of PrPC mentioned above, other fragments resulting from mis-
processing of PrPM have been reported55. Although PrP fragments have
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also been purified from prion disease affected human brains, the role
of such fragments in neurotoxicity is unclear at present. In patients with
GSS F198S (PrP198) and Q217R (PrP217), 7 and 11kDa peptides of
mutant PrP spanning residues 81-150 and 58-150 have been recov-
ered from amyloid plaques56. In GSS P102L (PrP102), bands of 15–20
and 25–30kDa including epitopes in the PrP region 90-165 have been
isolated57. In GSS Y145stop (PrP145), a 7.5kDa fragment that immunore-
acts with antibodies to the PrP region 90-147, and a C-terminal fragment
of PrP from the normal allele is detected17,58. In several of these cases
such as PrP198, PrP217, or PrP178, PrP fragments derived only from the
mutant allele are recovered from amyloid plaques, and are detergent-
insoluble and PK-resistant. In CJD due to PrP200K or insertional muta-
tion, even the corresponding normal allele is detergent-insoluble (but
PK-sensitive) (59-61). Similar observations have been made on trans-
fected CHO cells expressing PrP200K or neuroblastoma cells modeling
GSS Q217R, although the PK-resistance in these case is much lower as
compared to the brain samples55,46,47. In CJD associated with PrP210,
both the normal and mutant allele are converted to PrPSc (61). It ap-
pears that the conversion of normal allele by modified PrPM is specific
to the mutation. Whether this difference is due to inefficient dimerization
of the converted PrPM with the normal allele, or due to the generation of
different truncated forms of PrPM with a different potential for converting
PrPC is unclear at present. Thus, diverse processing pathways of PrPC

and PrPM could initiate neurotoxicity secondarily by accumulating in ab-
normal cellular compartments, by mediating the upregulation of CtmPrP,
by generating fragments that accumulate in the cytosol and the nucleus,
and probably by other less defined pathways described below.

12.6. Alternative pathways of cell death in familial
prion disorders

The ER quality control appears to play a paradoxical role in the patho-
genesis of prion disorders; efficient function would abrogate disease by
eliminating aberrant, misfolded forms, whereas sub-optimal function or
mistargeting would accentuate the pathogenic process by sequestering
these forms in abnormal cellular compartments where they may perturb
cellular function by undefined, unconventional pathways. In long-lived,
non-diving cells like the neurons, accumulation of even small amounts
of PrP in an abnormal cellular compartment may allow its slow build up
over time, with eventual toxicity.

In order to identify the determinants of transport within the PrP mole-
cule, we generated a series of C-terminally truncated PrP fragments
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Figure 12.6. Transport pathways of truncated PrP forms. A GFP tag has been in-
serted between residues 39 and 40 of PrP to study its transport and processing in
living cells. To investigate the effect of glycosylation on PrP transport, the first 114, 180,
190 and 200 amino acids of PrP have been ligated to GFP (Clontech). The resulting
chimeric PrP-GFP proteins contain no glycans, or one and two glycans respectively.
None of the chimeras contain a membrane anchor. When expressed in neuroblastoma
cells, PrP114−GFP is degraded by proteasomes, but accumulates in the nucleus in the
presence of proteasomal inhibitors. PrP180−GFP is very stable, and accumulates in the
nucleus regardless of the presence or absence of proteasomal inhibitors. PrP190−GFP

accumulates in the ER, whereas PrP200−GFP is transported along the secretory path
though a significant amount is retained in the ER.

linked to the green fluorescent protein (GFP), and followed their trans-
port in transfected neuroblastoma cells (Figure 12.6) (62). We noticed
that N-terminal fragments lacking both N-glycans were all transported to
the nucleus. Shorter fragments were less stable and required the pres-
ence of proteasomal inhibitors for significant accumulation, whereas
PrP180−GFP was considerably more stable, and accumulated in signif-
icant amounts in the nucleus. N-terminal fragments with one glycan
were retained in the nucleus, whereas the addition of a second glycan
facilitated partial folding and transport out of the ER. Addition of the GPI
anchor resulted in normal transport to the cell surface. Thus, in the ab-
sence of N-linked glycans and the GPI-anchor, the nuclear localization
signals (NLS) become operative. The addition of glycans probably pro-
motes interaction with ER chaperones, and retention of PrP in the ER till
it achieves a mature, transport competent conformation (Figure 12.6).

The striking observation demonstrating the nuclear accumulation of
PrP145stop and PrP160stop associated with GSS and CJD respectively
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demonstrates the versatile nature of PrP and the cryptic NLS signals
that become active under certain conditions. Thus, the N-terminal frag-
ments of PrP generated as a result of a variety of conditions may up
regulate or down regulate a variety of genes, and perturb cellular func-
tion. In fact, PrP forms that are diverted to the cytosol for proteasomal
degradation21 would be an ideal substrate for nuclear translocation. The
CtmPrP is another PrP form that could potentially release an N-terminal
fragment in the cytosol. In addition, cleavage of PrP within the octapep-
tide repeat region has been reported under physiological conditions61

and on exposure to reactive oxygen species62, releasing the N-terminal
fragment of PrP. Several mutant PrP forms also accumulate in the cy-
tosol, often as an aggregate, when proteasomal function is inhibited.
These forms may be translocated to the nucleus as the aggregates dis-
perse due to partial proteolysis. Thus, nuclear transport of PrP appears
to be a common and deliberate diversion from the normal path, not an
erroneous destination of a stray molecule. Why then is PrP not detected
in the nucleus of neurons isolated from mutant PrP transgenic mice or
mice infected with PrPSc? One possible explanation is that reasonable
accumulation of PrP in the nucleus requires significant inhibition of both
cytosolic and nuclear proteasomes. While such conditions may arise in
non-dividing neurons of an aging brain, they are difficult to reproduce
in a cell culture or a mouse model where the proteasome-mediated
degradative pathways may differ from an aging human brain.

The processing and transport of transmembrane forms of PrP has
been a contentious subject that has triggered considerable amount
of interest, but little progress has been made to clarify its biogenesis
in cells or its role in the neurodegenerative process. The main focus
of recent studies has been on the C-transmembrane form (CtmPrP)
that has been implicated in the pathogenesis of familial and infec-
tious prion disorders11,12. Studies in cell models show convincingly that
CtmPrP is linked with a GPI anchor, and is degraded by the proteaso-
mal pathway38,39. These observations are logical, considering that the
N-terminal domain of this form faces the cytosol, and would be an easy
target for cytosolic proteasomes. The same study contends that CtmPrP
contains an uncleaved N-terminal signal peptide in the cytosol, and is not
transported from the ER. Contradictory studies argue for the transport
of CtmPrP beyond the cis-medial Golgi compartment based on the re-
sistance of its glycans to endoglycosidase-H digestion11,12. Yet another
study proposes proteolytic cleavage of CtmPrP at the ER membrane, and
transport of the C-terminal fragment to the cell surface40,41. The repre-
sentation of CtmPrP fragment on the cell surface has been reported to
increase in response to intracellular aggregates of PrP and in associ-
ation with the PrP102L mutation, although by distinct mechanisms40,41.
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The above observations are provocative, and need further investigations
to clarify the biogenesis and processing of the Ctm and Ntm PrP forms.

The persistent N-terminal signal peptide in PrP145stop predisposes the
protein to aggregate more readily. Interestingly, a proportion of the full-
length PrPC in neuroblastoma cells also retains the N-terminal signal
peptide (unpublished observations). Whether this omission affects the
processing, transport, and turnover of this form in a significant way is
unclear at present. Since co- or post-translational cleavage of the N-
terminal signal peptide is an obligatory step in the correct folding and
transport of membrane and secretory proteins, retention of the signal
may result in atypical processing of the protein releasing N-terminal
fragments with an increased potential to aggregate. Although most pro-
teins with an uncleaved N-terminal signal peptide are retained in the ER,
PrP1-140 is efficiently secreted in the medium53. Further investigations
are needed to evaluate if a similar phenomenon occurs for full-length
PrP, and the consequences of such a species on PrP function and cell
viability.

12.7. Summary and future directions

Although one can argue that the concept of multiple potential path-
ways of neurotoxicity by the prion protein, at times promoted by the
ER quality control, contests the simple and singular hypothesis of
PrPSc-mediated cell death, multiplicity may allow us to better under-
stand the apparently distinct but inter-related and complex pathways of
PrP-mediated neurotoxicity. As further evidence becomes available, the
above mechanisms may prove to be an exception, or may ultimately
converge to a final common biochemical pathway, the identity of which
poses a challenging and an important question. The identification of
such a pathway will not only improve our understanding of the mecha-
nisms of neurotoxicity in these disorders, but open the future for prion
therapeutics, which at the present time is limited to indirect evaluation
of drugs and chemical compounds on experimental models65. Thus,
future studies on this mysterious and ever-challenging set of neurode-
generative disorders will further clarify the intricate and delicate interac-
tion between prion protein metabolism, the cellular quality control, and
neuronal cell death.
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13.1. Neurodegenerative diseases, protein
misfolding and apoptosis

Cells can die by diverse mechanisms depending upon the stimu-
lus triggering the death process. Among these mechanisms it is pos-
sible to include necrosis, apoptosis, autophagia, mitotic catastrophe,
and others1,2. Apoptosis has been implicated in diseases affecting the
nervous system such as neurodegenerative disorders and ischemia
(review in 3). Programmed cell death4 and its morphological manifes-
tation “apoptosis”5 is a conserved pathway that in its basic features ap-
pears to be operative in all metazoans. During embryonic developmental
apoptosis is essential for successful organogenesis, and participates in
the control of cellular populations (review in 6). Apoptosis also oper-
ates in adult organisms to maintain normal cellular homeostasis. This
is an especially critical process in long-lived mammals, in which cells
integrate multiple physiological as well as pathological signals.

Neurodegenerative diseases are some of the most debilitating disor-
ders, affecting abstract thinking, skilled movements, emotional feelings,
cognition, memory, and other abilities that distinguish human beings
from other mammals. The analysis of the neuropathological charac-
teristics of several neurodegenerative diseases has revealed common
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features underlying the mechanism of the disease initiation and progres-
sion. Compelling evidence accumulated in the last few years suggest
that the misfolding, aggregation and cerebral deposition of proteins play
a central role on the pathogenesis of neurodegenerative diseases7. As
we will discuss later on, the protein structural changes are associated
with neuronal damage and the appearance of the disease-associated
clinical symptoms. The most common neurodegenerative disorder is
Alzheimer’s disease (AD) where the extracellular accumulation of mis-
folded amyloid β peptide is one of the principal features that lead to
apoptotic neuronal loss7. Other pathologies, like Parkinson Disease
(PD), Huntington disease (HD) and Amyotrophic Lateral Sclerosis (ALS)
are related to the accumulation of other misfolded proteins such as α-
synuclein in PD, huntingtin in HD and superoxide dismutase (SOD)-1 in
ALS7. Transmissible Spongiform Encephalopathies (TSEs) also known
as prion disorders are the rarest, but perhaps the most famous neurode-
generative diseases. In TSEs the misfolded protein is not only associ-
ated to the disease, but is also the major or even the only component of
the infectious agent8.

13.2. TSE pathogenesis and misfolding
of the prion protein

TSEs are a group of clinically diverse, but mechanistically similar neu-
rological diseases affecting humans and animals. The group includes
Creutzfeldt-Jakob (CJD), fatal familial insomnia (FFI), Gerstmann-
Straussler-Scheinker (GSS) and kuru in humans as well as bovine
spongiform encephalopathy (BSE), scrapie and chronic wasting disease
(CWD) in animals9. The distinguishing pathological features of TSEs
are the spongiform degeneration of the brain, accompanied by extensive
neuronal loss, astrogliosis, and cerebral accumulation of a misfolded
and protease-resistant form of the normal prion protein (PrPC), termed
PrPSC (ref 10). No sequence or post-translational differences have been
detected between the normal host cell surface PrPC and the misfolded
PrPSC(ref 10). Based on structural studies, it has been proposed that
during the pathogenesis of TSEs PrPC undergoes a conformational tran-
sition from α helical to β sheet structure, resulting in the formation of
PrPSC (ref 11). This phenomenon leads to an “autocatalytic process”,
which replicates the abnormal protein structure and propagates new
pathogenic prions in the brain of affected individuals.

TSEs can be initiated by different causes, including hereditary, spo-
radic or infectious9. It has been described that at least 10% of the CJD
cases and all cases of GSS and FFI have an inherited origin. In these
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cases mutations on the PrP gene stabilize the anomalous conformation
of PrP, triggering the pathology12. Most of the CJD cases have been
described as sporadic, where the cause that triggers the disease pro-
gression remains without a satisfactory explanation9. When brain ho-
mogenate of sick animals is injected into healthy animals the disease
is transmitted in a dose-dependent manner10. Misfolded prion protein
accumulates gradually in the brain at expense of the host PrPC. In hu-
mans it has been described that treating patients with infected surgical
supplies, cornea transplant or human growth hormone administration
extracted from pineal gland of infected individuals, is possible to induce
the pathology. An infectious origin for human prion diseases was also
observed in the transmission of kuru by cannibalism in tribes from New
Guinea and the recent transmission of BSE to human beings producing
a new disease, named variant CJD (vCJD)13,14.

A great deal of effort has been made to understand the remarkable
biology of the prion replication process and the nature of the infectious
agent8. The high β-sheet content of PrPSC confers this protein distinct
physicochemical properties from PrPC, which are reflected in its insolu-
bility in non-denaturating detergents, its partial resistance to proteolysis,
and its ability to form fibrillar structures in vitro10,12. PrPC is essential
for the development of prion diseases since ablation of the gene which
codifies PrPC renders the mice resistant to prion infection15. Under cer-
tain conditions, the conversion of PrPC into PrPSC can be achieved in a
cell-free replication assay, supporting the “protein-only hypothesis”16,17.

Two alternative models have been proposed to explain the process
of aggregation in TSE18. One of them is the “Nucleation-Polimerization”
hypothesis, where PrPSC is a multimeric particle, acting as a nucleus
to induce and stabilize the misfolding of the monomeric protein by
incorporating it into the oligomer. Another model termed “Template
Assisted Conversion” postulates that PrPSC serves as a template to
direct the misfolding of a partially unfolded intermediate produced by
interaction of PrPC with a yet unknown pathological chaperone named
protein X.

13.3. Neuronal loss in TSE is mediated by apoptosis

A number of studies indicate that neuronal dysfunction in humans
and animals affected with TSEs occurs through apoptosis19−32. The
detection of cells with DNA degradation and the morphological charac-
terization of the brain areas affected by prion infection have shown that
neuronal apoptosis is observed mostly in terminally ill animals, and in
those brain areas that show vacuolation19. Neuronal loss and apoptosis
have also been described in experimental models for CJD in mice21,33.
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Interestingly, several groups have shown that in post-mortem sam-
ples of humans affected with FFI22 and CJD23−25, apoptotic cell death
of neurons does not correlate well with the deposition of PrP (reviewed
in 29). These findings suggest that the mechanism relating PrPSC gen-
eration and neuronal loss is a complex phenomenon. It was proposed
that the dissociation between neuronal damage and the amount of prion
deposition only reflects variations in the selective neuronal vulnerability
to PrPSC toxicity29.

Different strategies have been developed to understand the relation-
ship between PrP misfolding and neuronal dysfunction. A transgenic
mice model of familial prion diseases has been developed by expressing
the PrP homologue of a nine-octapeptide insertional mutation described
in human patients affected with prion diseases34. This insertional muta-
tion is genetically linked with a disease characterized by dementia and
ataxia, and by the presence of PrP-containing amyloid plaques in the
cerebellum and basal ganglia35−37. These transgenic mice showed ac-
cumulation of protease-resistant PrPSC and apoptotic cell death of the
cerebellar granule cells, in addition to progressive ataxia38. On the other
hand, transgenic mice expressing PrP fragments die spontaneously by
ataxia, showing an accumulation of protease resistant PrP within neu-
ronal dendrites and cell bodies, apparently causing apoptosis39,40. Fi-
nally, in some inherited cases of prion diseases, the predominant form
of mutant PrP detectable in the brain is CTMPrP, a transmembrane form
of the prion protein. Transgenic mice expressing this particular PrP mu-
tation also developed neurodegeneration41. In summary, neuronal cell
death is a common feature observed in different forms of the disease,
which can be reproduced when mutant PrP genes are expressed in
transgenic mice or in mice experimentally infected with scrapie prions.

The general idea supported by many studies is that the structural con-
version affecting PrPC is a fundamental step in the neurodegeneration
process, and at least two major hypotheses have been proposed to ex-
plain this causative relation: PrPSC formation might be associated with
the gain of a neurotoxic activity of this protein, or alternatively, the con-
version of PrPC into PrPSC could cause neurodegeneration through the
loss of the normal biological function of PrPC (Figure13.1). We have re-
cently reviewed the literature supporting each of these two hypotheses
(review in 42, 43).

13.4. Pathways controlling neuronal apoptosis

Apoptosis can be induced by the ligation of plasma membrane death
receptors, which constitute the “extrinsic” pathway, or by the perturba-
tion of intracellular homeostasis, known as the “intrinsic” pathway44−46.
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Figure 13.1. Putative cellular pathways for neurodegeneration in TSEs. Conforma-
tional changes of PrPC induced by prion infections, mutations or unknown factors, lead
to the production and accumulation of the misfolded PrPSC protein. The pathological
protein may interact with different neuronal cell-surface receptors and with microglia and
astrocytes, triggering signal transduction cascades which result in cellular stress and
neuronal dysfunction. In addition, the conformational transition could lead to the lost of
a beneficial activity of the natively folded protein.

The viability of a cell strictly depends on the functional and structural
integration of a number of subcellular organelles like the nucleus, the
mitochondria, the lysosomes and the endoplasmic reticulum47. Each
organelle can sense stressful cellular conditions and initiate cellular re-
sponses either to adapt or to activate specific cell death signalling path-
ways, if a critical threshold of damage has been reached (reviewed in
48). In spite of the absence of large organelle ultra-structural changes
in dying cells, it is now well established that most organelles manifest
subtle biochemical alterations, such as permeabilization of membranes
and changes on the concentration of messenger molecules, including
calcium. In general the process of cell death has two phases: A ter-
minal stage that is mediated by executer common molecules in which
the different apoptotic signals converge; and an activator phase me-
diated by initiator molecules that are up-stream of executor molecules,
and are associated with particular cell death stimuli. These complex pro-
cesses involve cross talk between many signaling pathways and include
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different molecular components that regulate the cell death response. In
general, the apoptotic process can be subdivided in four different steps:

1. Initiation process: Under certain conditions, apoptosis can be
triggered by cell death receptors binding to their corresponding
ligands. This signal transduction event is known as the extrinsic
pathway and is generally related with the triggering of Fas, TNF
receptor or TRAIL49. Other extracellular signaling that disrupts
ion-channel activity at the cell surface can play a central role in
neuronal loss under pathological conditions. In addition, each
organelle can sense and initiate cell death responses when the
affected element can not restore the homeostasis under stress
conditions. In general those events include mitochondrial stress,
endoplasmic reticulum stress, DNA damage and others.

2. Amplification process: Independent on the initiator mechanism
of cell death, common signaling pathways regulates the apop-
totic process that leads to the execution of cell death. This
involves phosphorylation steps, multiple proteolytic processes,
calcium mobilization, activation of specific transcriptional factors
and many others molecular events48,50,51.

3. The cell death process which is an irreversible step and involves
the self-degradation of macromolecules leading to DNA frag-
mentation, chromatin condensation and proteolytic degradation
of many structural proteins and enzymes1.

4. Finally a phagocytic event is involved in the clearance of the
apoptotic bodies. Several cell types participates in this process,
including dendritic cells, macrophages, and brain microglia,
which recognize membrane receptors in the apoptotic cells and
initiate their degradation.

The induction of apoptosis depends on the activation of cysteine pro-
teases of the caspase family (review in 52). Caspases are produced as
inactive zymogens, and after activation they cleave their substrates at
aspartic acid residues contained within a tetrapeptide recognition mo-
tif. Currently, more than 14 caspases have been cloned and partially
characterized in mammals, some of which are not involved in apopto-
sis but rather mediate inflammation and cytokine processing (such as
caspase-1 and caspase-11)53. Activation of initiator caspases (such as
pro-caspase-8, pro-caspase-9 and pro-caspase-12) leads to the prote-
olytic activation of downstream executor caspases (such as caspase-
3), which cleave multiple substrates culminating with the morphological
manifestation of apoptosis (review in 53).

The best studied apoptosis signaling pathways involve the activa-
tion of death receptors by their ligands and the mitochondrial stress
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leading to the release of apoptogenic factors from this organelle. In neu-
ronal death, most of the studies have been focused on the mitochon-
drial pathway. The central event in the regulation of apoptosis by this
pathway is the release of mitochondrial proteins, such as cytochrome
c, which triggers the activation of caspases through the formation of
the “apoptosome” complex54. This protein complex is formed when cy-
tosolic cytochrome c binds to the adaptor protein apaf-1, recruiting the
inactive form of caspase-9 and triggering its self-proteolytic activation55.
Cytocrome c release depends upon the opening of a mitochondrial pore
termed “permeability transition pore” or PTP56. The opening of the PTP
is highly regulated by the Bcl-2 family proteins, representing a criti-
cal intracellular checkpoint upstream of the caspase cascade (review
in 57). The Bcl-2 family is comprised of pro- and anti-apoptotic mem-
bers. Anti-apoptotic Bcl-2 family members include Bcl-2 and Bcl-XL. Pro-
apoptotic Bcl-2 members include for example Bax and Bak. Apoptotic
signals trigger the conformational activation of Bax and Bak, inducing
their oligomerization in the mitochondria and resulting in the opening of
the PTP. Anti-apoptotic Bcl-2 proteins inhibit the activation of Bax and
Bak. In general, the mitochondrial apoptotic pathway has been shown to
be activated in neurons by growth factors deprivation, oxidative stress,
DNA damage or by changes in the expression levels of Bcl-2 family
proteins59.

Although apoptosis probably participates in the development of all cell
lineages, aberrations in genes encoding pro- or anti-apoptotic proteins
have been implicated in the initiation of a variety of human diseases,
such as cancer through a process of “cell inmortalization”, while accel-
erated cell death is evident in immunodeficiency (review in 58, 59). In
this sense, gain- and loss-of-function mice models for genes encoding
proteins of the core apoptotic pathways indicate that the violation of cel-
lular death homeostasis is a primary pathogenic event that results in
disease (review in 60).

The analysis of signaling pathways involved in neuronal apoptosis in
neurodegenerative diseases associated with the misfolding and accu-
mulation of protein aggregates in the brain, has provided data for a novel
apoptosis pathway implicating endoplasmic reticulum (ER) stress and
the unfolding protein response process.

13.5. Caspase-12 and endoplasmic
reticulum stress

Cellular alterations leading to a general accumulation of unfolded pro-
teins in the ER, or modifying the homeostasis of calcium in this subcel-
lular compartment results in a condition denominated ER stress. Some
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of these triggering events include alterations on protein maturation, glu-
cose depletion, expresion of mutant proteins, heat shock, and oxidative
stress among others61−65. Experimentally the pharmacological targeting
of the ER homeostasis with molecules such as brefeldin A (which block
the trafficking between ER-Golgi), thapsigargin (an inhibitor of the ER
calcium pump SERCA) and tunicamycin (an inhibitor of N-glycosylation)
are able to induce ER stress and apoptosis.

It has been also described that under certain conditions, ER stress
can be triggered by the accumulation of misfolded proteins outside of
the reticular compartment66. The protein biosynthesis and degradation
processes are tightly associated, determining that normal proteins syn-
thesized in the ER and abnormally folded ones are recognized by the ER
quality control67,68. During this process the abnormally folded proteins
are subjected to ER-associated degradation (ERAD)-pathway, which in-
cludes the recognition of the protein by specific chaperones, deglycosy-
lation, ubiquitination and translocation to the cytoplasm for degradation
by the proteasome. The overload of the proteasome in the cytosol trig-
gers a delay in the folding and degradation process inducing ER stress.
Another known mechanism in which misfolded protein accumulation
can involve reticular responses is the ER Overload Response (EOR),
produced when the ER lumen is overloaded with proteins that are not
transported to the Golgi apparatus, probably by a general saturation of
the biosynthesis pathways68.

The ER-stress response has mainly two phases: One anti-apoptotic
phase mediated by a general decrease in protein synthesis and in-
creases in the expression of different chaperones and folding enzymes
of the glucose regulated family proteins (GRPs)61,68. This response is
mediated by a signalling cascade known as the “unfolding protein re-
sponse” or UPR. This process attenuates the toxicity of misfolded pro-
teins in the ER by refolding the proteins or by promoting their degradation
through the proteasome pathway69. The best characterized chaperon
proteins involved in this process are the calcium-binding chaperones
Grp78/Bip (involved in protein refolding processes) and Grp94 (involved
in ER lumen calcium homeostasis). Experimentally, the overexpression
of Grp78/Bip and Grp94 has been shown to protect cells against is-
chemia, and the pharmacological induction of ER stress. Conversely,
the inhibition of the expression of these chaperones renders cells more
susceptible to ER stress65,70−76. If the damage is too strong and the
homeostasis cannot be restored, a second phase is initiated, which is
mediated by several pro-apoptotic components triggering cellular death.
This includes the activation of an ER-resident caspase, the induction of
the pro-apoptotic transcriptional factor GADD153/CHOP, and the acti-
vation of several regulatory kinases (review in 47).
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The induction of apoptosis by ER stress is dependent upon the acti-
vation of an ER-resident caspase, termed caspase-1277. Caspase-12 is
ubiquitously expressed and is synthesized as an inactive pro-enzyme.
Upon proteolytical processing, the active form of caspase-12 is gener-
ated consisting in a regulatory pro-domain and two catalytic (p20 and
p10) subunits. The mechanism of caspases-12 activation is unclear but,
unlike other caspases, caspase-12 is remarkably specific to insults that
elicit ER stress77. Accordingly, caspase-12-null cells are resistant to
apoptosis induced by ER stress, but not to other apoptotic stimuli re-
lated, for example, with normal cellular death during development or
with the maintenance of the tissues homeostasis77. These findings may
explain why caspase-12 knock out animals are viable.

It has been suggested that caspase-12 activation is linked to the
ER stress pathway through the ER transmembrane kinase Ire1α and
the adapter protein TRAF2.68,78. Ire1α is normally maintained in an
inactive state through an association between its N-terminal lumenal
domain and the chaperone Grp78/Bip. Under conditions of ER stress,
Grp78/Bip dissociates to bind unfolded proteins and Ire1α undergoes
homo-oligomerization, stimulating a trans-autophosphorylation within
its serine/threonine kinase domains (review in 47). Upon activation,
the cytosolic tail of Ire1α can recruit the adaptor protein TRAF-279.
TRAF-2 interacts with caspase-12 and induces its oligomerization
and cleavage78. Moreover, Ire1α induces apoptosis when it is over-
expressed, presumably due to caspase-12 activation80. Finally, over-
expression of full-length caspase-12 induces its oligomerization and
self-cleavage between the p20 and p10 subunits at position D31881,82.

Alternatively, a second model for caspase-12 activation has been
proposed. In mouse glial cells undergoing ER stress, caspase-12 was
cleaved by calpain. In vitro, m-calpain cleaved caspase-12 at T132
and K158, which released the pro-domain from the catalytic subunits,
increasing the enzymatic activity of this protease83. Thus, in this sec-
ond model of activation, extensive intracellular calcium increases may
trigger m-calpain activation with the subsequent proteolitic activation
of caspase-12 at the ER membrane. Following ER stress, caspase-
12, as a member of initiator caspasas group, may directly process
downstream caspases in the cytosol or target, as yet unidentified sub-
strates that influence the progression of apoptosis. Two groups have
recently reported that caspase-12 directly cleaves caspase-9, leading
to caspase-9-dependent activation of caspase-370,84. This phenomenon
does not require the expression of the adaptor protein apaf-170. In
addition, a direct activation of caspase-3 by caspase-12 through a
protein complex formation has been described in other experimental
systems85,86,87.
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13.6. ER stress involvement in TSEs
neuronal apoptosis

In studies using cell lines which express a mutant form of PrP ge-
netically linked with GSS (mutation PrPY145stop), retention of this pro-
tein in the ER and Golgi compartments was described88. The mutant
PrPQ217R, which is also linked with GSS, was shown to be accumu-
lated and aggregated in the ER89,90. This mutant form, as wild type PrP,
is also subjected to ERAD, ubiquitinated and degraded by the protea-
some system90. Moreover, it was described that after proteasome inhi-
bition with different compounds, wild type misfolded PrP is accumulated
in the cell leading to cytotoxicity91−93. This abnormal PrPC molecule ex-
hibits some of the biochemical properties of PrPSC, such as insolubility
in non-ionic detergents, increased aggregation and partial resistance
to protease degradation91,94,95. Given these results, it was postulated
that in sporadic forms of prion diseases, the conditions in which the
proteasome ability to degrade PrP is compromised, like cellular stress
and events associated with aging, the accumulation of unfolded PrPC

derived from the ER might promote neuronal degeneration.
Recently, it has been described that other PrP mutants involved in

hereditary forms of the disease (14-octarepeats PrP and PrPD177N) are
significantly delayed in their transit along the early part of the secretory
pathway through the ER-Golgi96. This event opens the possibility that al-
teration of PrP maturation upon genetic mutations may be the triggering
step in the toxicity of some abnormal PrP molecules. However, the mech-
anism involved in the neurotoxic effects of mutant PrP is not known. In
summary, the overall of these data suggest that in sporadic and hered-
itary forms of TSEs, the ER is a key subcellular compartment where
pathological PrP forms are generated and exert their lethal effects.

It has been shown that brain derived PrPSC is cytotoxic in vitro in
several experimental systems, however the toxicity mechanism was not
investigated97−100. Recently, we have shown that treatment of mouse
neuroblastoma cell cultures with nanoMolar concentrations of brain-
derived PrPSC purified from scrapie infected mice is able to induce ER
stress, reflected in an increase expression of several ER chaperones
and release of ER calcium. In addition, in dying cells, the induction of
apoptosis by PrPSC was associated with caspase-12 activation, con-
firming the participation of ER stress as a cytotoxic mechanism. Finally,
the activation of the caspase-12 downstream target, caspase-3, was
observed in these cells.

Experimentally, the targeting of anti-apoptotic protein Bcl-2 to the ER
membrane was shown to decrease the susceptibility of neuroblastoma
cells to PrPSC toxicity. The protective effect was associated with the
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inhibition of caspase-12 activation. In addition, expression of a dominant
negative form of caspase-12 decreases the induction of apoptosis by
PrPSC.

Surprisingly, in post-mortem human samples of patients affected with
sCJD or vCJD a high increase in the expression levels of the ER chaper-
ones Grp58, Grp78/BiP and Grp94 was observed. Similar observations
were described after a proteomic analysis of CJD brain samples, show-
ing that Grp58, was the protein that showed the highest induction under
disease conditions. However, no alteration in the expression levels of
other chaperones such as Hsp70 was observed. In addition, a similar
pattern to caspase-12 activation was observed in the same human sam-
ples reinforcing the hypothesis that ER stress is a central signaling path-
way mediating neurodegeneration and neuronal loss. In agreement with
these observations, the analysis of scrapie-infected mice revealed that
the ER stress pathway correlates with the disease progression and brain
damage. After the analysis of different brain samples (distinct brain re-
gions and different times during the disease progression), it was shown
that PrPSC levels directly correlated with the rate of Grp58 upregulation
(Hetz et al, manuscript submitted). Moreover, only in the brain regions
that showed extensive neuronal loss, active caspase-12 fragments were
detected. We are currently studying the exact contribution of ER chap-
erones to the cell death process and how their upregulation is related
to the prion replication process. We have found that the upregulation of
Grp58 levels occurs early in the disease progression, during the pre-
symptomatic phase of the disease. In vitro, Grp58 was shown to be
neuroprotectine against ER stress conditions and PrPSC in vitro (Hetz
et al, manuscript submitted). This observation is in agreement with pre-
vious findings showing that the expression of the chaperones Grp78
and Grp94 are protective against cell death caused by disturbances
of ER homeostasis65,70−76,101,102. In addition, two close homologues of
Grp58, PDI and EndoPDI, are induced during ischemia in vivo, and
have a protective activity against cell death73,101,102.

Interestingly, conditions that affect the formation of disulfide bridges
induce PrP to adopt some PrPSC–like properties, such as proteinase
K-resistance and insolubility in non-denaturating detergents103. In addi-
tion, in vitro amplification of PrPSC was shown to be dependent on the
presence of free sulfhydryl groups104 and reshuffling of cystein bridges
from intra-molecular to inter-molecular forms has been proposed to play
a role on PrP conversion and on the stabilization of the misfolded protein
aggregates105. These findings may suggest that the protective activity of
Grp58 against PrPSC neurotoxicity may be mediated by a direct interac-
tion between the two proteins, resulting in reduction of PrPSC misfolding.
We are currently investigating this possibility.
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13.7. Endoplasmic reticulum stress in
neurodegenerative diseases

Several other neurodegenerative diseases associated to the misfold-
ing and cerebral accumulation of a particular protein have been shown
to be related to ER stress, which has been proposed to mediate the
neuronal cell death process observed in these diseases. This is the
case of Alzheimer disease (AD), Parkinson’s disease (PD) and Hunt-
ington disease (HD)8,68. These neurological diseases are characterized
by accumulation of misfolded protein aggregates in the brain7, which
suggests that the triggering of ER stress could be a general mechanism
related with the cellular toxicity of abnormally folded proteins. The main
observations associated with the occurrence of ER stress in neurologi-
cal diseases are the followings:

Alzheimer’s disease—Caspase-12 activation has been reported in
experimental models of AD and linked with neurotoxicity of amyloid fib-
rils. For instance, caspase-12 knockout neurons are less sensitive to
Alzheimer’s amyloid β cytotoxicity77, and caspase-4 partially mediates
the toxicity of this peptide in human neurons87. The injection of amy-
loid β in the hippocampus of aged rabbits induced the expression of
GADD153/CHOP and its translocation into the nucleus, with the con-
comitant decrease of Bcl-2 expression106. In the same experimental
system, the intracerebral injection of amyloid β triggered the activation of
caspase-3 and caspase-12107. Additionally, in AD transgenic mice mod-
els, an increased susceptibility to ER stress induction was detected108.
The observation described in these animals included an increased ac-
tivation of caspase-12 and abnormal ER-calcium signaling after stimu-
lation of apoptosis109. Also, increased expression of GADD153/CHOP
in pharmacological paradigms of ER stress110, and altered expression
of Grp78/Bip111 have been reported.

Huntington’s disease and spinocerebral ataxias—The expansion
of CAG trinucleotide encoding polyglutamine is the underlying cause of
at least nine inherited human neurodegenerative disorders, including HD
and spinocerebral ataxias. The expression of expanded polyglutamine
repeats has been shown to induce ER stress in several cell lines, which
is reflected as the activation of the Ire1α/TRAF-2 pathway112, the in-
duction of Grp78/Bip and the activation of caspase-12113,114. On the
other hand, the expression of mutant ataxin-3, a polyglutamine repeat-
containing protein involved in spinocerebellar ataxia115, induces apop-
tosis and caspase-12 activation114.

Parkinson’s disease—In models of PD, oxidative stress and mito-
chondrial dysfunction are believed to be central players in the mech-
anism of neuronal dysfunction (review in 116, or in 117). However,
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recent reports point out that the ER stress pathway is also involved
in the disease process. Treatment of dopaminergic neurons with 6-
hydroxydopamine, a parkinsonism-inducing neurotoxin, activates the
UPR pathway reflected by the induction of several chaperones, such
as Grp58, Grp78/Bip, GADD153/CHOP, as well as Ire1α activation118.
Similar results have been described by another group, showing that
toxic agents affecting the viability of dopaminergic neurons activate the
ER-stress pathway, associated with a massive upregulation of chaper-
ones (including calnexin, heat shock proteins and Grp chaperones), the
expression of GADD153/CHOP, and the phosphorylation of Ire1α and
other related ER kinases119. Hereditary parkinsonism has been geneti-
cally linked with mutations in the genes encoding the proteins parkin or
α-synuclein120. ER stress-induced by mutant α-synuclein is decreased
by the expression of wild type parkin.114,117.

In addition, ER stress has been observed in other pathological con-
ditions affecting the brain, such as ischemia, traumatic brain injury and
retrovirus induced spongiform brain degeneration. The type of brain
damage triggered by these retroviral infections closely resembles sev-
eral pathological features of TSEs. At the molecular level, it has been de-
scribed that the degeneration of the brain was associated with the induc-
tion of GADD153/CHOP, Grp58, Grp78/Bip, Grp94 and calreticulin121.
Also, the activation of caspase-12 and caspase-3 was observed in this
experimental system122. Finally, up-regulation of ER stress markers and
activation of caspase-12 were described in animal models of neuronal
loss by ischemia123,124 and traumatic brain injury125.

13.8. Concluding remarks

In the last few years it has become clear that ER-stress mediated
apoptosis plays an important role in diverse diseases and in particular
in neurodegenerative disorders associated with the misfolding and brain
deposition of proteins. TSEs are a prototype of these diseases where
the central role of the misfolded protein is widely accepted7. Data gener-
ated in our laboratory shows that an atypical form of ER stress features
the pathogenesis of TSEs126. Figure 13.2 shows a schematic diagram
of the cellular events occurring after treatment of neurons with PrPSC.
This signaling includes the release of calcium from the ER, the induc-
tion of the pro-apoptotic caspase-12 and the up-regulation of certain ER
chaperones (Grp58, Grp78 and Grp94), but not others commonly de-
tected under ER stress conditions (such as GAD153/CHOP, calreticulin,
Hsp70). The initial molecular events associated with the apoptotic effect
of PrPSC remains unclear. We speculate that PrPSC may interact with a
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Figure 13.2. A working hypothesis for PrPSC induced apoptosis in neuronal cells.
Interaction of PrPSC with an unknown receptor activates a signaling pathway which
induces the release of calcium from the ER though the ryanodine receptors (RyR) and
the IP3-receptors (IP3R). The alteration in calcium homeostasis promotes ER stress,
which in turn triggers the accumulation of misfolded proteins in the ER, leading to a
neuroprotective response associated with the induction of chaperones of the Grp fam-
ily. Ultimately, ER stress leads to the activation of caspase-12, which in turn activates
the executioner caspase-3, resulting in neuronal apoptosis. Experimentally, this process
can be modulated in vitro by: expression of Bcl-2 in the ER membrane (Bcl-2ER), ex-
pressing a dominant negative form of caspase-12 (caspase-12DN), treating the cells
with caspase-3 inhibitors (Ac-DEVD-fmk).

yet unknown receptor, triggering an abnormal release of calcium from
the ER, activating the cell death program.

An alternative possibility that has been arising in recent years is that
PrPSC neurotoxic effect is mediated through PrPC signalling. Mallucci
and co-workers have found that the depletion of endogenous neuronal
PrPC in a post-natal knockout mice after prion infection, leads to a re-
version of the early spongiform changes of the brain and prevents neu-
ronal loss and progression to clinical disease127. This occurred despite
the presence of extracellular PrPSC deposition in the brain similar to
the levels observed in terminally ill wild-type animals. In a similar study,
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Brandner and colleagues showed that PrP-null brain tissue surrounding
prion-infected Prnp+/+ neurografts does not develop prion neuropatho-
logical changes128. In both experimental systems, PrPSC seems unable
to trigger neuronal death in the absence of PrPC. These results suggest
that PrPSC requires the presence of PrPC to be neurotoxic. This interpre-
tation finds support in recent data from Solforosi et al., which shows that
neurodegeneration could be directly triggered through a cross-linking
of PrPC by a monoclonal antibody129. The extrapolation of these find-
ings is that PrPSC could be the activator of a PrPC–mediated signaling
pathway8. This is in agreement with the observation that PrP knockout
cells are resistant to the toxic activity of partially purified PrPSC (review
in 18). Hence, the possibility that normal PrPC is the receptor for PrPSC

remains open for future research. An alternative model to explain PrPSC

cytotoxicity suggests that the misfolded protein might be transported to
the ER and, by itself, induces ER stress. This mechanism has been de-
scribed for bacterial toxins, like the cholera toxin, which binds to lipid
rafts structures in the plasma membrane and is then internalised by en-
docytosis toward the ER130. PDI has been implicated in the regulation
of the pathogenic effects of cholera toxin, since it recognizes the toxin in
the ER and release it from the internalization-protein complex enabling
its toxic effects131. This could be an interesting possibility to explore,
since it has recently been shown that in neuroblastoma cells infected
with scrapie, modification of intracellular trafficking between Golgi-ER or
endosome-Golgi induces an accumulation of PrPSC in the ER132, open-
ing the possibility that PrPSC can reach the ER and be recognized by
Grp58 as a stress factor.

The elucidation of the mechanism of neuronal apoptosis in TSE has
clear implications for the development of TSE treatments directed to pre-
vent neurodegeneration. Since caspases are central to both normal pro-
grammed cell death and injury-dependent apoptosis, inhibition of these
proteases usually results in serious adverse effects. However, caspase-
12 appears not to be essential for normal development or physiological
cell death, but rather its activation seems confined to some specific
pathological stress signals50. Indeed, caspase-12-deficient mice have
no noticeable developmental or behavioral defects77,133. Therefore, in-
hibition of caspase-12 activation might provide a novel therapeutic strat-
egy for TSEs and other neurodegenerative diseases initiated by protein
misfolding. However, the participation of caspase-12 in human patholo-
gies has been controversial, since the caspase-12 gene is not func-
tional in humans134. Recent reports have shown that caspase-4 is the
human caspase-12 homolog in terms of structure, function and subcel-
lular localization87. Our data suggests that targeting caspase-4 or other
components of the ER-stress mediated apoptosis pathway may lead to
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therapeutic benefits for TSEs. Similarly, pharmacological treatment that
induces the expression of Grp58 may have neuroprotective effects. An
example of this class of drugs is valproate, which is used to treat brain-
related alterations such as bipolar disorders. This compound is known
to induce the expression of the chaperone Grp78/Bip without activating
ER stress or any detectable ER-associated damage (review in 135).
Also, recent reports suggest that under certain conditions, known en-
dogenous ER-inducible chaperones can be expressed in the absence
of any ER stress signal61,136, suggesting that an strategy designed to
generate drugs that induce Grps expression may be possible. Finally,
the close relationship between Grp58 up-regulation and PrPSC accumu-
lation, which is even detected during the pre-symptomatic stages of the
disease, may be exploited to generate a specific and early diagnosis
for prion disorders. A biochemical and non-invasive diagnosis of these
diseases is a high priority to minimize further spreading of the disease7.
Therefore, the identification of a new putative surrogate marker for prion
disease is of potentially high importance.
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14.1. Introduction

Already in the very beginning of prion research, tissue cultures that
could support and propagate the scrapie agent were sought for. The
earliest attempts were explants from brains of infected mice, and their
growth and morphological characteristics were compared to those from
uninfected mice1. Using the explant technique, several investigators re-
ported increased cell growth in cultures established from scrapie-sick
brain compared to cultures from normal mice1−4. These are odd findings
in the light of the massive neuronal cell death known to occur in scrapie-
infected brains. However the cell types responsible for the increased cell
growth in the scrapie-explants most probably were not neuronal.

The first successful cell culture established in this way, in which the
scrapie agent was serially and continuously passaged beyond the initial
explant, was in the SMB culture (scrapie mouse brain)5, which is still
used today6,7.

In this chapter, I will go through the generation and use of chronically
prion-infected cell lines as cell culture models of prion diseases. These
cell lines have been crucial for the current understanding of the cell
biology of both the normal (PrPC) and the pathogenic isoform (PrPSc)
of the prion protein. They have also been useful in the development of
anti-prion drugs, prospectively used for therapy of prion diseases, and
offer an alternative approach for transmission/infectivity assays normally
performed by mouse bioassay. Cell culture models have also been used
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to study prion-induced cytopathological changes, which could explain
the typical spongiform neurodegeneration in prion diseases.

In summary, I will go through:

1) The generation of scrapie-infected cell lines
2) Detection of PrPSc in cell lines
3) Cell biology and putative functions of PrPC

a) Cellular localization of PrPC

b) Putative PrPC binding partners
c) PrPC knock-out mice
d) Involvement of PrPC in copper metabolism and oxidative

stress
e) The role of PrPC in cell survival and differentiation
f) Signal transduction by PrPC

4) Aberrancies in cell biology and biochemistry in prion-infected
cells

14.2. Generation of scrapie-infected cells

As described above, the initial attempts to create scrapie-propagating
cell cultures were performed by cultivating explants from scrapie-
infected brains1−4. However, only the SMB cells remain infectious after
years of in vitro passages5−7. The apparent disadvantage of generat-
ing scrapie-infected cell cultures by this technique, is the lack of unin-
fected controls. Therefore, alternative methods were developed. One
such method was to intravenously inoculate splenotropic tumour cell
lines derived from e. g. macrophage, B- or T-lymphocytes and erythroid
lineages, into scrapie-infected mice (which after a few weeks after in-
fection produce high titers of scrapie in the spleen). The presumably
scrapie-infected tumors were subsequently explanted and their in vitro
passaging was resumed. Sadly, none of the cultures established in this
way were infected8. After these primary attempts, cells from several
sources and a variety of experimental approaches have been used to
establish scrapie-infected cultures. The most straightforward approach
i.e. the exposure of cell monolayers or cell suspensions to homogenates
of scrapie-infected brains or partly or highly purified preparations, proved
to be a successful one, to many if not all cell types8−11. Many of the cur-
rently used chronically prion-infected cell cultures have been generated
this way (Table 14.1).

Of all the available cell cultures today, I have focused on the N2a and
GT1 cells because PrPSc accumulates mainly in neurons and these
are the targets for prion-induced neurodegeneration. However, non-
neuronal cells, eg. the recently developed Schwann cell cultures, may
be useful to study the peripheral steps of prion invasion22,23.
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Table 14.1. Cell lines supporting prion-infection

Cell Tissue or cell Prion
type Species of origin isolate Comments References

Neuronal cell types

N2a Mouse Neuroblastoma Chandler 8,11,12

C-1300 Mouse Neuroblastoma Chandler 8,12

N1E-115 Mouse Neuroblastoma Chandler, C506 8,13,14

N2a #58 Mouse Neuroblastoma Chandler, FU N2a 6x over- 15,16

expressing PrPC

SHSY-5Y Human Neuroblastoma CJD 17

GT1-1 Mouse Hypothalamic Chandler,RML, Large T immortalized 16,18

neuronal cell FU cells

subclone 1

GT1-7 Mouse Hypothalamic Chandler, 139A, Large T immortalized 15,16,18,19

neuronal 22L, FU, SY cells

cellsubclone 7

PC12 Rat Pheochromocytoma 139A/ME7 Neuronal 20,21

differentiation in

presence of NGF

Non-neuronal cell types

MSC-80 Mouse Schwann cell Chandler 22

MovS6/S2 TgMouse Schwann cell-like, PG127 Ovine PrP in 23

DRG Tg Mouse

HaB Hamster Non-neuronal Sc237 rods Spontaneously 24

hamster brain cell immortalized cells

Glial cell Rat Glial cells from rat Chandler Ethylnitrosourea- 25

tri-geminal ganglion induced tumour

SMB Mouse Mesodermal cells from Still propagating 5,26

scrapie-infected scrapie

mouse brain

(Chandler)

SMB-PS Mouse Chandler, 22F Pentosan sulfate- 7

cured SMB

L-fibroblast Mouse Subclone of L929 Chandler 27

fibroblast cell

L23 Mouse Subclone of L929 Compton ME7 28

fibroblast cell

L929 Mouse Fibroblast cell RML, 22L, ME7 29

NIH/3T3 Mouse Fibroblast cell 22L 29

NS1 Mouse Spleen cell from Chandler 10

scrapie-sick mouse

fused w. NS1 cell

Rov Rabbit Kidney epithelial cell PG127, LA404 RK-13 expressing 30,31

ovine PrPC

* = FU = mouse-adapted Fukuoka-1 (familial GSS), SY = mouse-adapted sporadic CJD
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Looking at this table, a striking fact is that most of the cell lines suscep-
tible for persistent prion-infection are of non-neuronal origin. Among the
murine neuronal cell lines capable of continuously replicating prions are
the N2a, N1E-115 and C-1300 neuroblastoma cell lines. Interestingly, all
these cell lines have a common origin, derived from a spontaneous tumor
arising in A/J mice, a Prnpa/a mouse strain32, but with different passage
histories. This particular cell lineage, therefore appears to be especially
susceptible to scrapie infection when infected with mouse–adapted prion
isolates. This is clearly apparent in view of the large number of neuronal
or neural cell lines which could not be infected8−11,13,33. Except for the
C-1300-derived clones, only one other murine neuronal cell line is easily
infected. That is the GT1 cell line, originating from hypothalamic neurons
and immortalized by genetically targeted tumorigenesis in transgenic
mice34. The GT1 cells are highly differentiated gonadotropin-releasing
hormone neurons, and are in contrast to the C-1300 cells, suscepti-
ble to prions other than the Chandler/RML isolate18. The GT1 cells have
shown to replicate both the scrapie-derived 139A and 22L prions, as well
as fGSS- and sCJD- derived FU and SY prions, respectively, whereas
only transfected N2a cells (N2a#58) overexpressing PrPC are possible
to infect with isolates other than Chandler/RML15,16.

The GT1 cells offer several important advantages over the use of
N2a cells, especially for studying cytopathological effects provoked by
prion infection. To begin with they express approximately eight times
higher levels of endogenous PrPC15 and are much more susceptible to
prion-infection than N2a cells (in our lab every single attempt to RML-
infect GT1 cells have succeeded), providing a simple means to produce
several independently prion-infected ScGT1 cell lines.

In contrast, in typical N2a cultures exposed to prions, <2% of the
cells become infected and only low levels of prions are produced. Also,
these cultures frequently loose infectivity within 10–15 passages11,12,35.
In order to obtain persistently prion-infected cultures that produce suffi-
cient quantities of PrPSc, the prion-infected N2a cultures (ScN2a) must
be subcloned11,36. By this method, ScN2a lines have been obtained, in
which 80–90% of the cells are infected. These ScN2a subclones have
been very useful for studying the cell biology of prion replication i.e. to de-
termine the subcellular location of PrPSc as well as the metabolism and
kinetics of PrPSc formation24,37−40. ScN2a subclones are also suitable
in the search for inhibitors of PrPSc formation and in the development
of antiprion therapeutic agents41−45. However, for studies aiming at elu-
cidating potential neurotoxic changes induced by prion infection, these
subclones are less suitable, as these studies may suffer from the fact
that ScN2a cells are subcloned from a population of cells, to which they
are then compared. The observed differences between ScN2a and the
uninfected N2a population, might just represent cloning artifacts or be
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due to a selection artifact during the prion infection. An elegant way to
avoid this possibility was to derive highly susceptible N2a sublines (by
subcloning the N2a population prior to prion infection) from which prion-
infected cultures were generated, without further subcloning35. These in-
fected sublines can be compared to the corresponding uninfected ones,
without interference from potential cloning artifacts.

The GT1 cells, however, do not need to be subcloned after prion-
infection, as a much higher proportion of the cells become infected15,18,
and therefore represent an excellent culture model, avoiding clonal dif-
ferences. In addition, GT1 cells are the only CNS-derived neuronal cells
susceptible to prion-infection today.

14.3. Detection of PrPSc in infected cells–-the
definition of prion infection in cell cultures

Though not fully understood, the infectious agent is largely, if not
exclusively an abnormal form of the host’s own PrPC (reviewed in46).
The pathogen-associated form, PrPSc differs from the normal form in its
biochemical and biophysical properties, including protease-resistance,
solubility in non-denaturing detergents and resistance to phosphatidyli-
nositol specific phospholipase C47,48.

The most straightforward approach to detect PrPSc would be to use a
PrPSc-specific antibody. Despite years of intense effort, only two PrPSc-
specific antibodies have been described—a 1997 report that has neither
been confirmed nor extended in the literature49, and a recent report by
the group of Cashman50.

Instead, infectivity has traditionally been linked to the presence of a
proteinase K (PK)-resistant core of PrPSc, PrP27-3047, which can be
detected by Western blot analysis, using C-terminally directed anti-PrP
antibodies. However, in some experimental setups, protease-resistant
PrP could not be found in samples that contained prion infectivity51−55.
Conversely, not all PK-resistant PrP species are associated with prion
infectivity56,57. Thus it is important to recognize that the presence of
PK-resistant PrP species is a mere surrogate marker for prion-infection.
However, in most of the cell cultures described in Table 14.1, a correla-
tion between PK-resistant PrP and prion infectivity was confirmed, by in-
oculating mice with cell culture extracts (after sufficient passages to rule
out remaining infectivity from the intitial inoculum). Several techniques
with different sensitivities to detect PrPSc in prion-infected cultures, have
been developed (Figure 14.1).

With the generation of more specific PrP-antibodies, the standard PK-
digestion-Western blot assay58 is progressively replaced by quicker and
more sensitive techniques. Whereas Western blot could detect PrPSc
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Figure 14.1. Different methods to detect PrPSc in prion-infected cells. (A) Western
blot. Lysates of GT1 or ScGT1 are treated with proteinase K (PK) and analyzed by
SDS–PAGE and Western blotting with anti-PrP antibody. PrP27-30, the resistant core
of PrPSc is detected only in infected cells. (B) Cell blot. GT1 and ScGT1 cells grown on
cover-slip are blotted directly on to a nitrocellulose membrane and PrPSc is detected,
after PK-digestion and denaturation with guanidine isothiocyanate of the membrane,
by immunoblotting with anti-PrP antibody. (C) Dot blot. Cell lysates of GT1 and ScGT1
cells are filtered through a nitrocellulose membrane with a dot blot device and PrPSc is
detected as described for B.

when 10% of the cells in a 6-cm diameter dish were infected, a sensi-
tive cell blot technique could detect PrPSc when only 1% of the cells in
a single well of a 24-well plate were infected, corresponding to a 150-
fold increase in sensitivity35. Another method is the filter-retention assay
(slot–blot), which takes into account two diagnostic criteria in combina-
tion; the protease resistance and the presence of detergent-insoluble
aggregates of PrPSc59. This assay, in addition to classical ELISA60,61,
are well suited assays for high throughput screenings of therapeutic
compounds. With none of these methods can the percentage of cells
producing PrPSc be determined. However, a post-embedded method has
been developed, which enables the detection of a single infected cell30.

14.4. Cell biology and putative functions of PrPc

14.4.1. Cellular localization of PrPc

The development of cell cultures has been fundamental for the
understanding of the cell biology of PrPc, including its intracellular
trafficking, localization and interaction with other proteins/molecules.
Several techniques, including immunofluorescence, metabolic labeling,
cell surface biotinylation, Western blot, immunoprecipitation, and cross-
linking techniques have been used to determine the trafficking and
localization of PrPc. PrPc is a glycosylphosphatidylinositol-anchored
glycoprotein, generally found at the cell membrane associated with
cholesterol and glycolipid-rich microdomains, called lipid rafts or DRM
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(detergent-resistant microdomains)39,40,62. Once on the cell surface,
PrPc is endocytosed, cleaved in its central domain and then recycled
to the surface or degraded63,64. Despite many important discoveries,
the cellular biology of PrPC remains unclear. A comprehensive review
on the endocytic pathway of PrPC, its degradation or the importance of
the cleavage for its function is found in chapter 15.

14.4.2. Putative PrPc binding partners

One way to elucidate the cellular function of PrPc has been the search
of putative interacting ligands. The two-hybrid system of yeast, which
can be used to demonstrate protein-protein interaction, have identi-
fied the anti-apoptotic Bcl-265,66, the chaperone Hsp6067, the 37-kDa
laminin receptor precursor (LRP)68, as well as the adaptor protein Grb2,
Synapsin1 and an unknown protein Pint1 as possible binding partners69,
when screening HeLa cell or mouse brain cDNA libraries. Screening of a
mouse brain cDNA expression library with a soluble PrP-probe revealed
an interaction with NF-E2 related factor 2 (Nrf2) transcription factor and
amyloid precursor-like protein 1(Aplp1)70. As PrPC is predominantly ex-
pressed as a GPI-anchored plasma membrane protein, an interaction
with many of these proteins may present a logistic problem. In addition,
the biological significance of many of these interactions remains unclear
and confirmation in functional assays has yet to be established.

However, two proteins singled out from these studies as putative bind-
ing partner; the 37-kDa LRP and its mature 67 kDa form, termed the
high affinity laminin receptor LR68,71,72. The LRP/LR was suggested to
act as a putative PrP receptor as they were shown, by immunofluores-
cence studies, to colocalize with PrPC on the surface of both N2a and
baby hamster kidney (BHK) cells. Cell-binding assays with exogenously
applied PrP on these cell cultures, revealed an LRP/LR-dependent bind-
ing and internalization of PrPC, which was inhibited in the presence of
an anti-LRP antibody71. Furthermore, the LRP/LR was also shown to be
required for PrPSc propagation in ScN2a and ScGT1 cells, as I expres-
sion of an antisense LRP RNA-expression plasmid, II transfection with
small interfering RNAs specific for the LRP mRNA or III incubation with
an anti-LRP/LR antibody inhibited the accumulation of PrPSc in these
cells. These findings suggest that the LRP/LR may not only act as a cell
surface receptor for PrPC, possibly involved in the endocytic pathway
of PrPc, but might also represent the portal of entry for PrPSc in prion
infection73. Another report also suggests PrPc to be a ligand to a yet un-
known heterophilic receptor mediating neuronal recognition, as shown
by increased neurite outgrowth from primary neurons on a PrPc-coated
substratum, compared to non-PrP coated dishes74.
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Alternative methods to find interacting partners are co-
immunoprecipitation or chemical crosslinking, to demonstrate either
a direct physical interaction or at least co-localization. PrPC could be
immunoprecipitated with antibodies directed against stress inducible
protein-1 (STI-1) from PrPC transfected HEK 293T cells75 and Grb2,
Synapsin1 and Pint1 were coimmunoprecipitated from BHK cells,
showing that PrPC can specifically interact with these proteins not only
in a yeast model but also in mammalian cells69. Co-immunoprecipitation
from hamster brain extacts, in presence of detergents that either pre-
serve or completely dissociate lipid rafts, showed that PrPC interacts
strongly with neuronal nitric oxide synthase (nNOS) and dystroglycan,
a transmembrane protein that is the core of the dystrophin-glycoprotein
complex76. Binding of PrPC to neural cell adhesion molecules (N-CAMs)
was demonstrated in N2a and ScN2a cells by use of mild formaldehyde
crosslinking, followed by SDS-PAGE and HPLC/mass spectrometry.
This interaction was further shown to occur in raft domains77.

Many studies indicate that heparan sulfate (HS) proteoglycans play
a role in the life cycle of PrPC and possibly also in the formation of
PrPSc (reviewed in78). First, HS interacts with PrPC79−81, an interac-
tion possibly involving the N-terminal octarepeat region of PrPC and
which is weakened in the presence of Cu(II) ions80, although disputed
by others82,83. Second, a variety of sulfated glycans, such as heparan
sulfate mimetics79,84,85, pentosan polysulfate and dextran sulfate86,87,
reduce the formation of PrPSc in infected ScN2a and ScGT1 cultures,
and in some cases prolong the incubation time of experimental prion
diseases88,89. HS was also shown to accumulate in cerebral prion amy-
loid plaques90 and was associated with the more diffuse PrPSc deposits
that appear in early stages of prion diseases91. Functionally, HS and
sulfated cell-surface glycans seem to play a role in PrPC internalization,
as treatment of N2a cells with sulfated glycans stimulate endocytosis of
PrPC82,92. This may account for the antiprion effect of sulfated glycans.
Alternatively, these findings suggest that exogenously applied sulfated
glycans inhibit PrPSc formation by competing with the binding of PrPC

and/or PrPSc to a putative cellular HS proteoglycan. The involvement of
a cellular HS proteoglycan was recently demonstrated by Taraboulos’s
group, showing that heparinase treatment93 or long term incubation of
ScN2a with chlorate (which is a global sulfation inhibitor), reduced PrPSc

levels79,93.

14.4.3. PrPc knock-out mice

Another common route to determine protein function is to ablate
the gene of interest and examine homozygous null mice for novel
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phenotypes. However, there is always a degree of uncertainty in this
approach since compensatory expression of other genes may occur
during embryogenesis. Several lines of mice devoid of PrPC have been
generated by homologous recombination in embryonic stem cells, us-
ing either of two strategies. One in which the disruptive modification is
restricted to the open reading frame (ORF) generated the Npu94 and
Zrch195 lines. Mice homozygous for the inactivated gene (Prnp-/-) de-
velop normally, show no striking pathology, and are resistant to prion
infection.

Behavioural studies of the Npu and Zrch1 mice, revealed no significant
differences compared to wild-type94,96, except for alterations in circadian
activity97,98 and synaptic behaviour in brain slices99, although synaptic
changes have not been confirmed by others100,101. However, multiple
biochemical changes were found in cerebellar cultures from these mice,
such as increased levels of nuclear factor kappa B (NF. κB), increased
Mn superoxide dismutase (SOD) levels, decreased level of Cu/Zn SOD
activity, decreased p53 and altered melatonin levels102.

The other strategy involves deletion of not only the reading frame, but
also its flanking regions. The three lines generated this way; Ngsk103,
Rcm0104 and Zrch2105 also develop normally, but exhibit severe ataxia
and Purkinje cell loss later in life106−108. In these mice, Purkinje cell loss
and ataxia were shown to be due to ectopic expression of an unknown
protein, doppel, which is not expressed in the Npu and Zrch1 mice106,109.
Doppel (German for double) or Dpl (downstream of the Prnp locus) was
expressed because of an intergenic splicing event that placed the Dpl
gene under the control of the Prnp promotor. Thus, ectopic expression
of Dpl in the absence of PrPC, rather than absence of PrPC itself causes
Purkinje cell loss.

To circumvent the problems involved in the interpretation of PrPC-
null mice, two lines of conditional knock-out mice have been gener-
ated, with an intact PrPC expression during embryogenesis which can
be knocked down in the adult mouse. Unfortunately, these mice did
not reveal the function of PrPC as no obvious effects upon neuronal
viability, neuropathological abnormalities or neurological status were
observed110,111.

14.4.4. Involvement of PrPc in copper metabolism
and oxidative stress

PrPc is a metal ion binding protein, binding copper ions with high
affinity, as well as nickel, zinc and manganese cations, but with lower
affinities. Full-length recombinant PrPc can potentially bind up to five



354 Bedecs

copper ions, four in the highly conserved N-terminal octarepeat region
(PHGGGWGQ)112−114, with a fifth Cu-binding site around residues His-
96 and His-111114−116. Several studies have shown that the octare-
peat segment selectively binds Cu over other divalent metal ion
species112,117,118.

Copper binding affinity has been a controversial issue. Earlier stud-
ies reported that PrPC binds Cu with low µM to nM affinity, in a
pH–dependent and cooperative manner via the octarepeats112,118−121.
However, additional high-affinity binding sites have been characterized
around His 96 and His 111 in the unstructured region of PrPC, with Kd
for Cu in the nM122 and fM115 range.

Several lines of evidence suggest a functional role of PrPC in cellular
copper metabolism and maintenance of the proper oxidative balance,
possibly through a regulation of intracellular copper transport. A key find-
ing was that copper treatment of N2a cells, stimulates the internalization
of PrPC from the cell surface123. This effect is temperature-dependent
and rapidly reversible, and is also seen with Zn2+, but not with the other
transition metals. The copper-induced endocytosis is dependent on the
presence of the N-terminal octarepeats. One publication suggests that
specifically His68 and His76 in the central two repeats are necessary
for this Cu-induced endocytosis, because mutations of these residues
abolished the copper-induced endocytosis of PrPC expressed in human
neuroblastoma SH-SY5Y cells124. However, some other recent work has
suggested that this endocytosis only requires a single histidine in the
octameric repeat regions (D.R. Brown, personal communication). The
importance of an intact PrPC N-terminal for copper-induced endocyto-
sis, was confirmed in murine septal, SN56 cells, expressing different
GFP-PrPC-constructs125. These findings thus suggest that the trans-
port of copper from the extra- to intracellular compartment is performed
through the internalization of PrPc. Interestingly, Schätzl’s group re-
cently showed that the same N-terminal region is important for the basal
copper-independent endocytosis of PrPC in N2a cells126.

Findings supporting a role of PrPC in copper transportation and
in cellular antioxidant defenses is that PrPC-deficient mice exhibit
a 50% lower copper concentration in synaptosomal fractions120, to-
gether with reduced Cu/Zn SOD (SOD1) and glutathione reductase
activities120,127,128, although these findings have been debated129,130.
The reduced SOD1 activity in PrP-deficient mice could be attributed to
decreased Cu-delivery by PrPC to SOD1 in these mice, with a subse-
qently reduced SOD1 activity. In line with this assumption, is the find-
ing that re-introducing Prnp in an immortalized Prnp-deficient neuronal
cell line results in an upregulated SOD activity131. Then again, a recent
study of SOD activity in genetically defined crosses of mice lacking the
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Sod1 gene with mice lacking PrPC, hemizygous or homozygous Tg20
transgenic mice overexpressing PrPC failed to detect any correlation
between Prnp gene dosage on SOD activity in synaptosome-enriched
brain fractions132.

To add some complexity, it has been reported that recombinant and
native PrPC per se possesses SOD-like activity, when refolded in the
presence of copper chloride133. Comparison of the SOD activity in brain
lysates from wild-type mice before and after PrPC depletion with im-
mobilized anti-PrPC antibodies, showed a reduced level of total SOD
activity after removal of PrPC134. Thus, an alternative and/or additional
explanation for the decreased SOD activity in Prnp-/- mice, could be the
absence of PrP’s inherent SOD-like activity.

14.4.5. The role of PrPc in cell survival
and differentiation

Several lines of evidence suggest that PrPC may play an important
role in neuronal survival and/or differentiation, possibly acting like a cell-
surface receptor itself. A putative role of PrPC in neuronal differentiation
was demonstrated by laminin-induced neuritogenesis of primary neu-
rons from wild-type but not PrP-null (Zrch1) mice135. This finding was
confirmed in the PC12 cell model, showing that antibodies against PrPC

inhibit cell adhesion to laminin-coated dishes and laser-induced abla-
tion of PrPC inhibits laminin-induced differentiation as well as promotes
retraction of pre-formed neurites136. Additional results, supporting a role
of PrPC in cell-cell interaction and differentiation show that the PrPC ex-
pression in a rat neuroblastoma cell B104 is tightly regulated both as a
function of cell density and during neuronal differentiation137.

A neuroprotective function of PrPC has been suggested as PrP-null
(Ngsk) neuronal cell lines are more vulnerable to serum deprivation than
their PrPC-expressing counterparts138, and PrPC could protect human
primary neurons against Bax-mediated apoptosis, with the same neu-
roprotective potency as Bcl-2139. Interesting, in the light of the finding
that PrPC can bind Bcl-265,66. Moreover, antibody-mediated ligation of
PrPC or binding of a PrPC-binding peptide protects retinal neuroblas-
tic layer cells from anisomycin-induced apoptosis from wild-type, but
not PrPC-null mice, in a cAMP/PKA dependent manner140. In addition,
PrPC was shown to be dramatically upregulated in tumour necrosis fac-
tor α (TNFα)-resistant human breast carcinoma MCF7 sub-clones and
overexpression of PrPC in nomally TNFα-sensitive MCF7 cells protects
them against TNFα-induced apoptosis141. This anti-apoptotic function
could be due to a PrPC-mediated decrease in the expression of several
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pro-apoptotic proteins, as PrPC expression in a PrPC-null neuronal cell
line decreased the levels of p53, Bax, and caspase-3 and increased
Bcl-2 levels142. These data are contradicted by others, who on the con-
trary suggest a pro-apoptotic function of PrPc. These authors reported
an increase in the expression and activity of p53 and caspase-3 when
expressing PrPC in TSM1 and HEK239 cells143,144 or in primary cultures
from PrPC null-mice144.

These apparently paradoxical findings may be explained by the use
of neuronal cells derived from PrPc null mice generated by the two differ-
ent strategies (described in the PrPC knock-out mice section). Thus, Kim
et. al used the Ngsk mouse142, which besides ablated PrPC expression
also express the doppel protein, whereas Paitel et al. derived their cells
from the Zrch1 mouse144, which does not express doppel. However, the
expression of doppel in these cells or the influence of doppel on the
measured parameters, was not addressed in these papers. The above
shows that the results depend on which type of knockout mouse pro-
vided the PrP-null cell line. Therefore, the interpretation of these results
would gain from reconsideration.

14.4.6. Signal transduction by PrPc

Because PrPc may act as a cell surface receptor for a still hypothet-
ical extra-cellular ligand, various studies aiming at unraveling its sig-
nalling potential has been performed. As the ligand is still unknown,
one way to activate or stimulate PrPc, was to cross-link PrPC by use of
specific anti-PrPc antibodies, directed against PrP(142-160). Using this
technique it was demonstrated that PrPc can function in a signal trans-
duction cascade upstream of the protein tyrosine kinase Fyn. A neuroec-
todermal progenitor cell line (1C11) was used and a PrPc-dependent
Fyn activation was observed when the 1C11 cells had been differen-
tiated to their serotonergic or noradrenergic progenies. Because PrPC

and Fyn are bound to opposing faces of the membrane, a transmem-
brane factor that could function as a link between PrPc and Fyn was
searched for. Caveolin-1 was presented as a candidate based on its
coimmunoprecipitative behavior and the finding that cellular bombard-
ment with caveolin-1-directed antibodies abolished PrPC dependent Fyn
activation145. Interesting to note is that cross-linking of PrPC in vivo,
with antibodies directed against PrP(95-105), was found to trigger rapid
and extensive apoptosis in hippocampal and cerebellar neurons, but not
an antibody directed against PrP(133-157)146, the same epitope recog-
nized by the anti-PrP antibody shown to induce Fyn activation in 1C11
cells145.



Cell Culture Models to Unravel Prion Protein Function 357

In a follow-up study, the same authors recently showed that following
ligation of PrPC, NADPH oxidase, a major cellular generator of reactive
oxygene species (ROS) and extracellular regulated kinase 1/2 (ERK1/2)
members of the mitogen-activated protein kinase (MAPK) family, are
targets of the caveolin-dependent Fyn activation, but only in the fully dif-
ferentiated serotonergic or adrenergic 1C11147. In the 1C11 progenitor,
hypothalamic GT1-7 and BW5147 lymphoid cells, antibody-mediated
ligation of PrPC also induced activation of NADPH oxidase and ERK1/2.
However the involvement of Fyn kinase in NADPH oxidase and ERK1/2
activation was not adressed in these cells147. These findings are attrac-
tive because of the potential role of PrPC in neuronal survival and/or
differentiation, as both ROS and ERK1/2 are important mediators in
these cellular processes. They may also clarify the potential link be-
tween PrPC and the cellular redox state. Several other studies have also
proposed a link between PrPC and Fyn or Src, the prototype member
of the Src-family kinases. In enterocytes PrPC and Src were shown to
colocalize in raft domains in cell-cell junctional complexes and a direct
physical interaction with Src was also demonstrated by coimmunopre-
cipitaiton of PrPC148. In the human T-cell line CEM, PrPC colocalizes with
and coimmunoprecipitates Fyn, and was also shown to interact with the
tyrosine kinase ZAP70 after T-cell activation, suggesting that PrPC is
a component of the signaling complex involved in T-cell activation149.
An interesting finding in this context is that STI571 (Gleevec©R, a potent
inhibitor of the BCR-Abl tyrosine kinase), potently inhibits PrPSc repli-
cation in ScN2a, ScGT1 and SMB cells, via lysosomal degradation of
existing PrPSc 150.

As some neuronal cell lines, such as the GT1-7147,151 and
N2a39,152,153, do not express caveolin, the existence of an alternative
signaling route from PrPC to Fyn is suggested. One such candidate
could be N-CAM, which was shown to associate with PrPC77. This sce-
nario is supported by data showing a direct interaction of N-CAM with
Fyn and the selective inhibition of N-CAM-dependent neurite outgrowth
in neurons from Fyn–null mice154,155.

Alternatively, no transmembrane intermediate may be necessary at
all, suggested by previous studies showing that antibody-ligation of
the glycosphingolipids in rafts156,157, as well as that of GPI-anchored
proteins, induces a transient increase in the tyrosine phosphorylation
of several substrates. This model thus propose that glycosphingolipid-
crosslinking may induce a redistribution and clustering of signaling com-
ponents in rafts, including Src-family kinases, on the opposite cytoplas-
mic leaflet resulting in the activation of these kinases (reviewed in158).

Consistent with a role of PrPC in signal transduction is the finding
that PrPC interacts with Grb2, as shown by coimmunoprecipitation from
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PrPC-and Grb2-transfected HEK 293T cells69. This interaction might be
the result of their colocalization in rafts, as both these proteins, together
with other signaling intermediates in the MAPK pathway, such as Shc,
Ras, phosphatidylinositol 3-kinase (PI3K) and ERK1/2 are concentrated
to rafts159,160. Taken together, all these findings suggest that PrPC has a
significant role in signal transduction via lipid rafts, and the next question
is how signal transduction may be affected by PrPSc accumulation in
general and in rafts in particular.

14.5. Abberancies in cell biology and biochemistry
in prion-infected cells–-a long list of
biochemical abnormalities

One of the major objectives in the development of prion-infected cell
cultures was to look for morphological and cytopathological manifesta-
tions of the prion infection. However, one of the striking features was the
lack of any obvious signs of cell death. In fact several studies descri-
bed an increased cell growth in cultures established from scrapie-sick
brain compared to cultures from uninfected mice1−4. Increased cell
growth and transformation was also reported when N1E-115 was inocu-
lated with brain homogenate from C506-infected mice13. Unfortunately,
it is not clear if the changes described were necessarily due only to
the scrapie agent rather than to other factors present in the brain
homogenate. Although no gross morphological differences have been
observed, alterations in the expression and/or function of several
proteins in scrapie-infected cells have been described, possibly cor-
responding to the pre-clinical and subacute manifestations in prion
diseases. NGF-differentiated scrapie-infected PC12 cells display a
slightly modified phenotype with a decreased activity of choline acetyl-
transferase and acetylcholinesterase21.

In ScN2a and ScHab cells, bradykinin- and PDGF-induced calcium re-
sponses were significantly reduced, compared to uninfected cells161,162.
Although the number of 125I-bradykinin binding sites was increased 4-
fold in ScN2a, their binding affinity was reduced 10-fold, probably ex-
plaining the decreased Ca2+ responses163. These changes were further
ascribed to a significant reduction of plasma membrane fluidity163. The
authors hypothesize that the conversion of PrPC to PrPSc and the sub-
sequent shunting to secondary lysosomes, may alter protein and lipid
trafficking pathways sufficiently to change the composition and proper-
ties of the plasma membrane, resulting in abnormal receptor-mediated
functions.
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We have speculated that prion-infection may alter the expression, pro-
cessing and/or function of neurotrophic receptors and thereby contribute
to neurodegeneration in prion diseases by weakening the trophic sup-
port in prion-infected neurons. Indeed, our results show that scrapie
infection induces a 2- and 4-fold increase in insulin receptor (IR)164

and insulin-like growth factor-1 receptor (IGF-1R)14 protein levels, re-
spectively, in two independently scrapie-infected cells lines; the ScN2a
and ScN1E-115. However, despite the increased IR/IGF-1R expression
in ScN2a, receptor binding studies revealed an important decrease in
125I-insulin and 125I-IGF-1 binding sites compared to the amount of im-
munoreactive receptors. In the case of the IGF-1R, the absence of
increased number of binding sites was due to a 7-fold decrease in IGF-
1R binding affinity in ScN2a compared to N2a cells14. However, bind-
ing studies revealed no change in IR binding affinity, rather indicating a
complete functional loss of a sub-population of IR164. In addition, ScN2a
showed no significant difference in cell proliferation in the presence of
insulin or IGF-1 as the only mitogen, despite the increased receptor ex-
pression, probably explained by the decrease in IR/IGF-1R binding sites.

Further studies revealed that the apparent loss of insulin binding sites
was due to an increased formation of IR/IGF-1R hybrid receptors, with
high affinity to IGF-1 but a 10-20 fold lower affinity to insulin than the
homotypic IR165. Moreover, the IR α- and β-subunits are aberrantly pro-
cessed with apparent molecular weights of 128 and 85 kD in ScN2a, as
compared to 136 and 95 kD in uninfected N2a cells164,165, and the rea-
son for this was shown to be due to altered glycosylation, as shown by
combined enzymatic or chemical deglycosylation of the IR164,165. In ad-
dition to these differences in IR properties, the basal ERK2 activity was
significantly elevated and the insulin stimulated-ERK2 phosphorylation
was subsequently decreased in ScN2a. This is interesting in the light
of the finding that antibody-mediated ligation of PrPC induces activa-
tion of NADPH oxidase and ERK1/2147. Thus, it can be speculated that
the propagation and presence of PrPSc in raft-domains may crosslink
and oligomerize colocalized PrPC, resulting in an uncontrolled NADPH
oxidase and ERK1/2 activation.

The observed changes in IR/IGF-1R expression and function in
ScN2a and ScN1E-115 cells, suggest that although these receptors
are expressed, their folding, trafficking or processing is disturbed by
scrapie infection, resulting in decreased function and/or decreased lev-
els of functional receptors, which may contribute to neuronal cell death
in prion diseases. Altered expression, processing, localization, and func-
tion have previously been described for several proteins in scrapie-
infected cells and brains161,163,166−169.
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Autoradiographic studies of hippocampus from scrapie-infected mice
revealed a marked decrease in neuropeptide Y2-receptor binding, al-
though corresponding Y2 mRNA levels were essentially unchanged166,
before the appearance of behavioral symptoms. Abnormal intracellular
localization linked to functional impairment of heat shock proteins167,168

nNOS169 has also been demonstrated in scrapie-infected brain and in
ScN2a.

In addition, ScN2a cells do not respond to lipopolysaccharide (LPS)-
stimulation with increased nitric oxide (NO) production, in contrast to
N2a cells, which upon LPS-stimulation respond with a robust and time-
dependent increase in inducible NOS (iNOS) expression170.

LPS-signalling is initiated by binding of LPS to the LPS binding protein
(LBP), present in serum (Figure 14.2) . This complex is then transferred
to the major LPS receptor, CD14, a GPI-anchored protein localized to
rafts171. LPS binding to CD14 further induces clustering and interaction
with the transmembrane Toll-like receptor 4 (Tlr4) in rafts172,173, which
activates associated Ser/Thr kinase complexes, finally activating the
transcription factor nuclear factor κB (NFκB)174. Activated NFκB then
translocates to the nucleus and induces the expression of several pro-
inflammatory genes eg. iNOS and cyclooxygenase 2 (COX-2).

In ScN2a, the absence of LPS-induced NO production was not due
to abolished enzymatic activity of iNOS, but due to a complete inhibi-
tion of the LPS-induced iNOS gene expression as measured by reverse
transcription-polymerase chain reaction (RT-PCR) and western blot170.
In a first attempt to explain the loss of LPS-receptor signalling in ScN2a,
we studied the expression of CD14 in ScN2a, since CD14 acts as the
principal LPS-recognizing component in the LPS receptor complex. RT-
PCR and amplification of genomic DNA, revealed a complete lack of
CD14 mRNA expression in ScN2a, although the gene encoding CD14
is still present, excluding a chromosomal difference (Figure 14.3).

Although CD14 is not a signalling molecule, it is necessary for LPS
to induce an efficient response171,175. In ScN2a the absence of CD14
expression, prevents further interaction with the transmembrane and
signalling Tlr4 and thereby disrupt the LPS-induced signal transduc-
tion, most probably explaining the absence of LPS-stimulated iNOS
expression in ScN2a cells. Interestingly, downregulation of CD14 tran-
scription has been reported in human alveolar macrophages as a de-
fense against cytomegalovirus infection176. Thus the absence of CD14
mRNA in ScN2a may represent an adaptive response to protect against
scrapie-infection.

The only prion-infected cell line exhibiting morphological signs of neu-
rodegeneration and vacuolation is the ScGT1 cell line18. In scrapie-
infected GT1 cells, stably transfected with trkA (the high affinity nerve
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Figure 14.2. LPS receptor signalling. Toll-like receptor-4 activates several intracellular
pathways including NFκB activation, resulting in expression of e.g. iNOS and COX-2.
LBP, LPS binding protein; MyD88, myeloid differentiation factor 88; IRAK, IL-1 receptor-
associated kinase; TRAF6, TNF-α receptor-associated factor 6; ECSIT, evolutionary
conserved signaling intermediate in Toll pathways; NIK, NIK = NFκB-inducing kinase;
IKK = IκB kinase, NFκB = nuclear factor κB, IκB = inhibitor of NFκB

Figure 14.3. Genomic DNA was isolated or cDNA was prepared from each cell type
and amplified by PCR with CD14 or GAPDH specific primers at 58◦C for 28 cycles. BV-2
is a microglia cell line responding to LPS by iNOS expression and was used as a positive
control for CD14 mRNA expression. Three independent experiments were performed.
A representative image is shown.
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growth factor (NGF) receptor)—ScGT1-TrkA, NGF-treatment increased
the viability and reduced the morphological signs of apoptosis. ScGT1
cells also display a higher sensitivity to induced oxidative stress than
GT1 cells19, together with an increased lipid peroxidation and reduction
in the activities of the glutathione-dependent and SOD antioxidant sys-
tems. These findings are indeed very important because ScGT1 cells re-
produce some of the major pathological changes found in prion-infected
brains and therefore represent a good system for studying the molec-
ular mechanisms underlying prion-induced neurodegeneration. Using
the same cell line, it was also shown that scrapie-infection inhibits the
voltage-dependent N-type calcium channel, a dysfunction which was
exacerbated slowly over time after scrapie-infection in GT1-7 cells177.

14.6. Concluding remarks

Although the establishment of scrapie-infected cell lines or cell lines
expressing mutant PrPcs linked to hereditary prion diseases have been
crucial for the understanding of the biogenesis and metabolism of PrPSc,
the weak point in using scrapie-infected cell cultures to study molecular
mechanisms underlying prion-induced neurodegeneration is the lack of
apparent neurotoxicity in these cultures.

The discrepancy between in vivo and in vitro PrPSc neurotoxicity
might be due to the transformed phenotypes of the available cell culture
models today, masking the PrPSc neurotoxicity which may manifest itself
only in finally differentiated cells, resembling more the post-mitotic char-
acter of the adult central nervous system. This may explain why ScGT1
cells, which has a more differentiated neuronal phenotype than ScN2a
and ScN1E-115 cells, do display signs of neurodegeneration whereas
ScN2a and ScN1E-115 cells do not.

Alternatively, the formation and/or accumulation of PrPSc is not
neurotoxic per se but “neuro-stressant” and requires an interaction
with microglia/astrocytes to be neurotoxic. Although the cell types
involved in scrapie pathology have not been completely identified the
emerging picture indicates a glial-derived inflammatory component
in prion pathogenesis178. Only circumstantial evidence suggest that
PrPSc is neurotoxic per se because its accumulation in scrapie infected
brains correlates to areas of vacuolation and astrogliosis. Studies
addressing the spatial and temporal relationships between PrPSc

accumulation, glial activation, neuronal vacuolation and apoptosis,
indicate that microglia and astroglia activation precedes that of spongi-
form degeneration179,180. Altogether this indicates an indirect glial
neurotoxic effect, possibly mediated by micro- and astroglial cytokines
and reactive oxygen species in scrapie pathogenesis—an inflammatory
“vicious cycle” also suggested as causative/contributory in other chronic



Cell Culture Models to Unravel Prion Protein Function 363

Figure 14.4. Involvement of an inflammatory loop in prion-induced neurodegeneration

neurodegenerative diseases such as Alzheimer’s and amyotrophic
lateral sclerosis (ALS) (Figure 14.4).

I hypothesize that the formation and accumulation of PrPSc in com-
bination with an inflammatory glial response has a synergistic deterio-
rating effect on neurons—together adding up to a fatal threshold level
of cellular stress resulting in neuronal apoptosis. Therefore a truer cell-
culture model of prion-induced neurodegeneration might require the cre-
ation of a “mini-brain” in the culture-dish, constituting besides neuronal
cells also glial cells.
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The detailed understanding of the trafficking and the subcellular local-
ization of the cellular prion protein (PrPc) will contribute to a better under-
standing of the prion conversion process and might provide new insights
into the possible functions of PrPc. It has been known for many years
that a preceding cell surface localization of PrPc appears to be required
for the conversion into the pathological isoform PrPSc in prion-infected
cells1,2. Recently, new and often unexpected findings in the cell biology
of PrPc, the pathogenesis of PrPSc, and in cellular quality control mech-
anisms have been accumulating. Many of these findings were obtained
by analysing the trafficking of cellular and pathological prion proteins
in cell culture models, either in the presence or absence of infectious
prions.

15.1. The prion protein in the secretory pathway

Upon import into the endoplasmic reticulum (ER), PrPc is trans-
ported to the plasma membrane within 1 hour1,2. The transport into
the ER is mediated by a N-terminal 22 amino acid (aa) signal pep-
tide, which is co-translationally cleaved off. Furthermore, the C-terminal
globular domain of PrPc also seems to be necessary for crossing the
ER membrane3. If this part of PrP was removed, the protein chain
was not imported into the ER. Consequently, two disease-associated
stop codon mutants (W145Stop and Q160Stop) remained almost en-
tirely in the cytosol without having the signal peptide cleaved off. During
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the passage through the secretory pathway, two N-linked carbohydrate
chains are attached to Asp 181 and Asp 197 residues (numbering re-
lated to4), resulting in a heavy and very complex glycosylation, and a
disulphide bond is formed between the cysteine residues at position 177
and 213. Presumably 10 % of the nascent PrPc is subjected to the en-
doplasmic reticulum-associated degradation (ERAD) pathway5. For this
ubiquitous pathway, misfolded proteins are recognized by an ER-based
quality control mechanism and subsequently retrograde-translocated
into the cytosol for degradation by the proteasome. In addition, several
disease-associated mutant forms of the prion protein have been shown
to be subjected to proteasomal degradation6−8.

For anchoring at the outer leaflet of the plasma membrane, a complex
glycosyl-phosphatidyl-inositol-(GPI) anchor is co-translationally added
and the C-terminal signal peptide (i. e. aa 232-254) is removed9. Several
years ago, transmembrane forms of the prion protein were discovered,
in part linked to some forms of GSS10. Recently, the importance of the
N-terminal part of the prion protein (aa 23-90) for the transport through
the secretory pathway to the plasma membrane has been highlighted11.
It was shown that progressive deletions within the N-terminus lead to a
delayed appearance of the protein at the plasma membrane. As there
was no retardation in the glycosylation kinetics, it could be assumed that
the delay occurred in post-ER compartments.

15.2. The membrane sorting of PrP

An important sorting station for proteins travelling through the secre-
tory pathway on their way to the plasma membrane is the Golgi com-
partment. Here, the synthesis of so-called rafts is initiated. Rafts are
membrane microdomains characterized by a high content of cholesterol
and sphingolipids, which can be biochemically characterized by their in-
solubility in cold detergent, therefore also known as detergent-resistant
microdomains (DRM)12. In membranes, they form an ordered phase
where GPI-anchored proteins and proteins involved in signal transduc-
tion are preferentially localized13. Rafts might also offer the spatial prox-
imity for protein interactions. For PrPc, the proposed interaction with the
still unidentified factor or protein X, assumed to be important for prion
conversion, might take place in these compartments14.

Several groups have shown that PrP, like many other GPI-anchored
proteins, partitions in DRMs15−17. It could be demonstrated that in neu-
roblastoma cells and their prion-infected counterparts not only PrPc,
but also PrPSc is contained within DRMs. These results favour the
hypothesis that rafts are important for prion conversion. Previously, it
was shown that the inhibition of raft synthesis by cholesterol depletion,
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resulting in re-distribution of PrPc at the plasma membrane, compro-
mises prion conversion in cell culture18. Further evidence was achieved
when the distribution of PrPc and PrPSc regarding the co-fractionation in
DRMs was investigated in cell culture and in brain homogenates of un-
infected or prion-infected hamsters16. Again, PrPc and PrPSc of cultured
cells as well as of brain material were contained in the same gradient
fractions if the lysis was performed at 4◦C. Interestingly, the distribution
was different in some infected cell lines and in infected hamster brain
tissue if the lysates were incubated at 37◦C and then subjected to the
standard flotation assay. Under these conditions, PrPSc and PrPc segre-
gated to peaks of different density, providing an elegant tool to separate
PrPc and PrPSc for the investigation of interactors of the PrP isoforms.
It was suggested that this might be due to the distribution of PrPc and
PrPSc in rafts with a different lipid composition. These diverse mem-
brane attributes might correspond to different subcellular structures, as
PrPc is mainly found at the cell surface whereas PrPSc localises more
intracellularly and accumulates finally in secondary lysosomes19.

In order to investigate whether the intracellular sorting of PrPc is de-
pendent on rafts, polarized Fischer rat thyroid (FRT) and Madin Darby
canine kidney (MDCK) cells were stably transfected with PrP17. These
cells are well characterized for the intracellular trafficking and sorting
of GPI-anchored proteins. PrPc turned out to be the first example of
a GPI-anchored protein localized basolaterally in both cell lines. The
protein was associated with rafts, and this association was dependent
on cholesterol, as it was prevented by the inhibition of cholesterol syn-
thesis. On the other hand, the polarized sorting was not influenced by
cholesterol depletion, indicating that DRMs are not necessary for the
sorting and transport of PrP to the plasma membrane.

The association with rafts can be facilitated by the interaction of
membrane lipids with acyl chains of a GPI-anchor20, transmembrane
domains21, or by the binding of a protein to a protein resident in rafts.
PrP represents an example of a protein containing, in addition to the
GPI-anchor, an exoplasmic raft determinant within the N-terminus22, a
flexible and highly conserved PrP domain4. When the signal peptide
of PrP necessary for GPI-anchoring was replaced with the transmem-
brane and cytosolic domain e. g. of the amyloid precursor protein (APP),
the N-terminal PrP was sufficient to direct this transmembrane form of
PrP to rafts. APP, which is usually found in clathrin-coated pits, seg-
regated with raft marker proteins in sucrose gradients upon fusion to
the PrP N-terminus. Unfortunately, in this study N-terminal deletion was
only performed with the transmembrane mutant of PrP instead of the
physiological GPI-anchored form. Therefore, the question remains open
whether the GPI-anchor or the PrP N-terminus contain the dominant raft
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determinant. In addition, these data are contrary to previous reports in
which the GPI-anchor was replaced by the transmembrane domains of
several proteins, resulting in a non-raft membrane topology of PrP18,23.

15.3. The mysteries of internalization

Although the localization of PrPc in lipid rafts at a particular time dur-
ing its life cycle seems to be fairly corroborated, the pathway for the
internalization of the protein remains still controversial. Overall, the in-
ternalization of GPI-anchored proteins is poorly understood, as cyto-
plasmic domains, which contain sorting motifs mediating the interac-
tion with adaptor proteins to facilitate proper sorting, are missing. For
the prion protein either clathrin-dependent internalization or internal-
ization via rafts have been discussed. The chicken homologue of the
mammalian prion protein (chPrP) has been described to be internal-
ized via clathrin-coated pits and to cycle between the plasma mem-
brane and an intracellular compartment of the endocytic pathway24,25.
This could be facilitated by the interaction of PrPc at the plasma mem-
brane with the extracellular part of a hypothetical transmembrane pro-
tein containing internalization and sorting signals in its cytoplasmic tail.
Again, the importance of the PrP N-terminus was emphasized in me-
diating this proposed binding and the subsequent endocytosis not only
of chPrP, but also of murine PrP25. Of note, this mechanism has al-
ready been described for the GPI-anchored urokinase receptor binding
to the transmembrane low-density lipoprotein receptor-related protein
for internalization26. Interestingly, the cellular uptake of extracellularly
added recombinant prion protein appears to be mediated by the trans-
membrane laminin receptor27. Increased endocytosis of PrPc was seen
due to binding of copper to the N-terminus28−31. In cell culture experi-
ments, PrPc was rapidly endocytosed upon exposure of neuronal cells to
physiological amounts of Cu2+ or Zn2+, whereas deletion of four octare-
peats abolished endocytosis31. Moreover, N-terminal deletion mutants
previously shown to cause ataxia and neuronal degeneration32 failed to
internalise in response to Cu2+.

The internalization of proteins requires the generation of several types
of endocytic vesicles. The fission of these organells from the plasma
membrane is controlled by large GTPases of the dynamin family33. To
characterize intermediate steps in the internalization of PrP, PrPc fused
to green fluorescent protein (GFP) was expressed in SN56 cells34. Dis-
tinct steps of the endocytic pathway were interrupted by the overex-
pression of transdominant-negative mutants of dynamin I and Rab5,
and the localization of GFP-PrPc was compared to a GPI-anchored
GFP (GFP-GPI), which served as a control for the clathrin-independent
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internalization mechanism of GPI-anchored proteins. In contrast to GFP-
GPI, the internalization of GFP-PrPc was dependent on dynamin I and it
was found in Rab5-positive early endosomes. Proteins of the Rab-family
are small GTPases which regulate vesicular transport in endocytosis
and exocytosis35. Different Rab proteins are associated with various
domains of endosomes. Rab5 is linked to clathrin-coated vesicles and
early endosomes. Proteins co-localizing with Rab5-positive endosomes
probably have been internalized via the classical endosomal pathway
rather than a clathrin-independent mechanism. This leads to the conclu-
sion that GPI-anchored proteins can be internalized by different mecha-
nisms, which is in agreement with the observation that the internalization
of Thy-I, a major GPI-anchored protein expressed on neuronal cells, is
distinct from that of PrPc 36. Thy-I is also an example for the finding that
various GPI-anchored proteins can occupy diverse types of rafts com-
posed of different lipids, to be distinguished by their solubility in non-ionic
detergent37. Fusion of Thy-I to the PrP N-terminus results in the ability
of Thy-I to enter clathrin-coated pits, similar to PrPc36. This finding is in
sharp contrast to the results of Walmsley et al.22, who claimed that the
PrP N-terminus mediates the targeting of the protein to rafts. Interest-
ingly, PrPc seems to be localized in rafts and might leave them to enter
clathrin-coated pits for internalization36.

Mutation of the highly conserved cluster of basic amino acids between
position 23 and 28 abrogated endocytosis36, in line with an earlier report
about the analysis of N-terminal deletion mutants which were deceler-
atedly internalized11. These findings argue against endocytosis of PrP
stimulated by binding of Cu2+ to the octarepeat region, even more as
the effect of N-terminal deletion could be competed by the insertion of
the N-terminus of X. laevis prion protein11, which does not harbour an
octarepeat element at all38. In summary, there are clear hints that the
N-terminal part of PrP acts as a sorting and internalization signal for
PrPc.

In contrast to the repeated reports about PrPc being internalized via
clathrin-coated pits, but supporting earlier findings15,16,29, is a recent
electron microscopic study showing that PrPc is enriched in caveo-
lae and caveolae-containing endocytic vesicles (caveosomes) in CHO
cells39. Caveolae, which are flask-shaped plasma membrane invagi-
nations, are involved in cellular processes like signal transduction40.
The regulated endocytosis of caveolae has been demonstrated to re-
quire dynamin41. This could also explain the inhibited endocytosis of
GFP-PrPc upon overexpression of a transdominant-negative dynamin-I
mutant36, therefore this observation does not provide definite evidence
for internalization by clathrin-coated pits. However, it should be taken into
consideration that for the electron microscopy study a non-neuronal cell
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line has been used, which could explain the observed differences. Thus,
neuronal cell models might provide a more physiological tool to study
the trafficking of PrP. Nevertheless, in a murine neuronal cell differen-
tiation model, a functional connection of PrPc with caveolin has been
observed. Upon antibody-mediated cross-linking of PrPc, a caveolin-1
dependent association with Fyn kinase has been shown, arguing for a
role of the prion protein in signal transduction42.

The pathway of PrPc internalization remains still a matter of debate.
The association of PrP with lipid rafts and the role of the N-terminus act-
ing as a determinant for the trafficking seem to be convincing, and there
is growing evidence that PrP is internalized via the classical endosomal
pathway rather than in a clathrin-independent manner.

15.4. The finaldestiny degradation of PrP

The degradation of PrPc involves several steps. The half-life time of
the protein in cultured cells is around 3–5 hours2,11,43. The proteolysis
can be inhibited by ammonium chloride (NH4Cl) treatment, a substance
which raises the pH within acidic vesicles and thereby inactivates pro-
teases. This indicates that the proteolysis occurs in such organelles18.

The degradation of PrP is initiated during its cycling between the
plasma membrane and an intracellular compartment by the removal of
the amino terminal moiety of the protein18,44−47. This cleavage gives rise
to an N-terminal fragment of about 11.5 kDa, denominated N1, and a C-
terminal half with a molecular weight of approximately 17 kDa, referred
to as C145 or PrP-II18. Both the amino- and the carboxy-terminal frag-
ments are re-cycled to the plasma membrane, and whereas the short
N-terminal fragment is released into the culture medium, the C-terminal
part accumulates at the plasma membrane44. The compartment where
the cleavage proceeds remains ambiguous. ChPrP expressed in the
murine neuroblastoma cell line N2a was cleaved in a NH4Cl-sensitive
manner, suggesting acidic vesicles44. In contrast, the processing of
mouse PrP investigated in the same cell line was insensitive to NH4Cl
treatment, but was inhibited by perturbation of the cholesterol synthe-
sis. The C-terminal part was, like full-length PrPc, found to be associated
with DRMs18. The N-terminal truncation appears to be a physiological
degradation step. C-terminal cleavage products with a molecular weight
consistent with that found in cell culture have also been detectable in
uninfected and infected human brain tissue48,49. Interestingly, amino ter-
minal sequencing of C1 revealed that the cleavage occurs between aa
110/111 and 11248,45. Thereby, the normal processing of PrPc is initi-
ated by the cleavage within the amino acid stretch between residues 106
and 126, for which several studies indicated neurotoxic properties50−52.
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Additionally, this degradation excludes PrPc from the conversion into
PrPSc. In prion-infected cells, and also in brain tissue, the protease re-
sistant core of PrPSc is N-terminally truncated in an acidic compartment
around residue 90, generating a C-terminal fragment of approximately
19 kDa53,48.

The processing of PrP at aa 110/111 is reglulated by protein kinase
C (PKC), and is up-regulated by effectors of PKC45. Further investiga-
tions employing inhibitors of distinct proteases revealed a contribution
of the metalloprotease ADAM10 (a disintegrin and metalloprotease) and
TACE (tumor necrosis factor α-converting enzyme) to the cleavage46.
Of note, the proteolysis of PrPc in brain material is also blocked by in-
hibitors of metalloproteases49. Strikingly, the cleavage by a metallopro-
tease and the subsequent disruption of the neurotoxic PrP peptide finds
a parallel in the proteolysis of APP. This comprises the cleavage of APP
within the Aβ-peptide, the production of which is central to the pathol-
ogy of Alzheimers disease54. Upon physiological processing within the
Aβ-peptide by proteases of the disintegrin family (α-secretase) the neu-
rotoxic potential is compromised55. In a recent report, another N-terminal
cleavage site of PrP has been identified, producing N- and C-terminal
fragments of about 7 and 20 kDa, respectively47. The small fragment
was, similar to N1, found in the cell culture medium and in cell lysates.
This might have functional implications, and it has been shown previ-
ously with recombinant PrP that this cleavage, occuring in the octarepeat
region, is dependent on Cu2+ and oxidative stress. This processing might
turn PrPc into a functionally active form. The rapid subsequent cleavage
between residues 110/111 and 112 would then inactivate the biologi-
cal activity. However, the final proof for this hypothesis remains to be
established.

In summary, the degradation of PrP demonstrates an interesting sim-
ilarity with the processing of APP, another precursor protein linked to a
neurodegenerative disease. Interestingly, enhancement of α-secretase
cleavage in Aβ overproducing mice led to a 50% inhibition of Aβ pro-
duction in the brain56, suggesting in analogy that increasing the N1/C1
cleavage might reduce the generation of PrPSc.

15.5. The investigation of pathogenic PrP mutants
in cell culture studies

As the numerous studies performed in cell culture and in vivo models
have helped shedding more light on the metabolism of the prion protein,
it has become clear that the trafficking of this protein is far from being
a simple default process. Several specific sorting signals seem to be
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required for correct transport from the Golgi to the cell surface and for
endocytosis. Understanding how the cellular events underlying neuronal
disfunction and cell death might relate to an abnormal processing and
trafficking of this protein represents an important goal in prion research.
The establishment of appropriate cell culture models for the analysis of
mutant PrPs associated with familial prion diseases has significantly fa-
cilitated this investigation. These diseases account for 10% of the cases
of CJD and almost all cases of GSS and FFI and are linked to dom-
inantly inherited mutations in the PrP gene. Point mutations linked to
either CJD, GSS, or FFI occur mainly in the C-terminal half of the PrP
molecule, while insertions associated with a variable phenotype that
can include features of CJD or GSS comprise 2 to 9 additional copies
of the octapeptide repeats. These phenomena are presumed to favor
spontaneous conversion of the protein to the PrPSc state without neces-
sarily interfering with an exogenous infectious agent. Insertion of nine
octapeptide repeats in addition to the five normally present at the N-
terminal half of the human protein sequence is associated with a variant
phenotype characterized by dementia, ataxia, and PrP-containing amy-
loid plaques. A related neurodegenerative disorder has been character-
ized in mice57 and the corresponding mouse-PrP mutation (PG14) has
been widely studied in cell culture. Several other mutated PrPs based on
the mouse sequence have been investigated in this system. The mouse
PrP-D177N is homologous to the human mutation D178N-Met129 as-
sociated with FFI (Val129 in correlation with the same mutated allele
relates to familial CJD), whereas E199K (E200K in humans) is linked to
CJD. When expressed in different cell lines, these mutant PrPs acquire
several biochemical features reminiscent of PrPSc, including insolubility
in non-ionic detergents and mild resistance to digestion by proteinase
K58−60. These biochemical features probably reflect changes in PrP con-
formation and/or aggregation, which, possibly depending on the cell line
in which they are expressed, result in an abnormal association with the
plasma membrane. This phenomenon is reflected by reduced accessi-
bility by the bacterial phospholipase PIPLC, which might give evidence
of the earliest step along the pathway leading to conversion from PrPc

to PrPSc. Particularly evident is the correlation between the number of
octapeptides and the increased insolubility/aggregation of the mutant
PrP60, a characteristic reminiscent of the polyglutamin repeats expan-
sion in Huntington’s disease61.

The subsequent investigation of the precise subcellular localiza-
tion of mutant PrPs by immunofluorescence and electron microscopy
techniques has made clear that misfolding and subsequent aggrega-
tion characterizing several forms of familial TSEs often lead to per-
turbation of the intracellular trafficking of the prion protein. Altered
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Figure 15.1. Subcellular trafficking of the prion protein. Newly synthesised PrPc (blue
circles) is transported along the secretory pathway through the endoplasmic reticulum
(ER) and the Golgi. At the cell surface, it is localised in cholesterol rich domains (rafts
or caveolae) by its GPI-anchor. PrPc is endocytosed and recycles to the cell surface or
reaches lysosomes for final degradation. Conversion into PrPSc (red squares) occurs
close to the cell surface in rafts or in compartments of the endocytic pathway. PrPSc is not
efficiently degraded in lysosomes, and accumulates. Misfolded PrP (blue squares) can
be retro-translocated into the cytosol and degraded by the proteasome or accumulate
and induce neurotoxicity. Treatment of cells with Cyclosporin A (CsA) can induce aggre-
gation of PrP molecules as aggresomes (blue triangles). ERGIC: ER-Golgi intermediate
compartment; TGN: trans-Golgi network

subcellular distribution appears to be a common phenomenon for a large
number of disease- associated PrP mutants. Several of these molecules
share reduced cell surface expression and accumulate in the Golgi or
the ER8. Biochemical analysis of mutated PrP E200K and PrP D178N
showed impaired transport to the cell surface mainly of the unglycosy-
lated isoform62 and enhanced localisation in the ER63. With regard to
their altered biochemical features, to a significant shorter metabolic half-
life measured for several of the mutant PrPs compared with wtPrP, the
common intracellular distribution accounts for a possible involvement of
the ubiquitous ER-based quality control mechanisms in the metabolism
of these proteins. This pathway ensures that only newly synthezised
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proteins that have undergone correct co- and post-translational pro-
cessing and folding are transported to their target organelles and cellular
compartments. Incorrectly assembled proteins are normally retained in
the ER and subjected to the ER-associated degradation (ERAD) path-
way. This includes retrograde-translocation through the ER membrane
into the cytosol by the hetero-trimer Sec61 complex (translocon)64. The
polypeptide chain is then deglycosylated by a cytosolic N-glycanase and
often covalently bound to the lysine residues of the conserved protein
ubiquitin. This step ensures its degradation by the 26S multi-protein pro-
teasome complex65. Assumed to be of little relevance in the past, the
role of the ER-related degradation pathway in the metabolism of the
prion protein, and its implication in prion diseases have become topics
of research and debate in recent years66.

A common pattern involving ER-retention and proteasome degrada-
tion has been described for PrP Q217R and Y145stop, both mutants
linked to GSS. Expressed in a human neuroblastoma cell model, a sig-
nificant proportion of these molecules does not lead to spontaneous
PrPSc formation, is poorly post-translationally processed and is sub-
jected to the ERAD pathway. Upon inhibition of the proteasomal activity,
they are partially retained in the ER and other membrane bound com-
partments in an insoluble and weakly PK-resistant form6,7. A similar fate
is shared by the recently described C-terminally truncated PrPQ160stop
also associated with inheritable prion diseases67. When expressed in
neuroblastoma cells, the homologous murine protein Q159stop is lo-
cated at a low extent in the cytoplasm and is highly concentrated in
the nucleus. With a very short half-life comparable to PrP145stop, this
mutant is also sorted out of the secretory pathway at distinct sites of
the ER memrane and rapidly degraded by the proteasomal system in
the cytosol. Nuclear localization was assessed regardless of proteaso-
mal inhibition, arguing for a direct influx of this mutated prion protein.
This represents an interesting finding if one takes into account that the
N-terminal region of human and ovine PrP has been described to har-
bor nuclear localization signals68 and nucleic acid binding properties69.
Both mutants, Y145stop and Q159stop, partially retain their N-terminal
signal peptide6,67. A recent report identified a new regulatory element
for ER-import within the C-terminus of the prion protein3. In this study,
C-terminally deleted PrPs like Y145stop and Q159stop localized in the
cytosol due to compromised ER-translocation.

Since almost all familial cases of prion disorders are heterozygous,
and patients express both the normal and the mutated form of PrP,
the exact role of wild-type (wt) PrPc in the pathogenic process is
not completely understood. Analysis of plaques isolated from brains
yielded varying results. Only the mutant protein was recovered in the
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PK-resistant fraction in some cases, while an intermediate detergent-
insoluble but PK-sensitive PrP was found in others. In other patients,
wtPrPc was also converted into PrPSc. Recent studies with GFP-tagged
prion proteins in human neuroblastoma cells have now assessed that
seeds of aggregated PrP-mutants can indeed cause normal PrPc to
coalesce70. These results provide new insight into the molecular mecha-
nisms of prion aggregation and support a nucleation hypothesis of PrPSc

formation.
The two transmembrane topological variants of the prion protein

designated (Ntm)PrP and (Ctm)PrP contain a conserved hydropho-
bic sequence that can span the lipid bilayer in either direction10. Mu-
tations in the membrane-spanning segment of PrP can lead to in-
creased generation of these transmembrane forms. Several pieces of
evidence have linked (Ctm)PrP to neurodegeneration in transgenic mice
and to some heritable prion diseases. This isoform has been hypothe-
sized to represent a key intermediate in the pathway of prion-induced
neurodegeneration10,71. In cultured cells, a mutated form of PrP syn-
thesized exclusively with a (Ctm)PrP topology contains an uncleaved
N-terminal signal peptide, is retained in the ER and is degraded by the
proteasome72. Taking into account the degradation pathway of this pro-
tein, the fact that a good portion of the molecules is exposed to the cyto-
plasm and the toxicity of cytosolic PrP, these results provide new clues
as to possible mechanisms of neurodegeneration. These findings prob-
ably link prion diseases to other human neurodegenerative syndromes
such as Huntington’s and Parkinson diseases as well as to conditions
affecting peripheral organs73.

A recent series of studies have explored the role of the proteasome
and ubiquitin also in the metabolism of wtPrPc66,5. Here, a small per-
centage of nascent wtPrP accumulates in the cytosol in the presence
of different proteasome inhibitors and comprise detergent-soluble and
-insoluble molecules. Insoluble aggregates are composed of unglyco-
sylated PrP partially resistant to proteinase K treatment, a feature usu-
ally associated with PrPSc, and include ubiquitylated PrP-species. This
PrP population seems to have undergone N- and C-terminal proteolytic
cleavage occurring during normal processing in the ER. Such events ac-
count for delivery to the cytoplasm by retrograde transport from the ER.
These molecules also seem to be able to sustain and promote misfold-
ing of newly synthesised PrPc. Retrograde translocation of misfolded
PrP, which could interact with other PrP molecules and promote con-
version into a PrPSc-like conformation, should therefore be implicated
in the initial steps of conversion in rare spontaneous PrPSc scenarios
and in generating toxic PrP species. The described results find addi-
tional evidence in cell culture models and in vivo experiments performed
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in transgenic mice74. In these studies, the accumulation of even small
amounts of cytosolic prion protein results in extreme neurotoxicity, with a
pathology very similar to that seen in animals expressing mutant forms
of PrP associated with human prion conditions75,32. Since no PrPSc was
detected in these mice, the described findings are in favour of an intrinsic
toxicity of PrPc, possibly by activating cell death signaling pathways and
by inducing neuronal damage. Efficient ER-quality control mechanisms
normally shunt and degrade unfolded or misfolded PrP. Aging and bio-
logical traumas might compromise the natural capacity of this system
leading to accumulation in the cytosol. Pathogenic mutations in the PrP
coding sequence also lead to an increase in cytosolic misfolded PrP.

A different explanation for the localization of unglycosylated PrP in
the cytosol is that proteasomal inhibition and increase in mRNA amount
upon over-expression of PrP in transfected cells lead to inefficient
translocation into the ER of a small fraction of newly synthesized PrP-
population. These molecules are rapidly degraded by the proteasome76.
According to this model, treatment of cells with proteasomal inhibitors
has no effect on the maturation or turnover of either wild-type or mutated
PrP molecules. Cytosolic PrP molecules harbor an intact N-terminal sig-
nal peptide and lack a GPI-anchor and N-linked glycans, all features
indicating that the protein has not undergone processing in the ER. This
model argues against a pathogenic role of cytosolic PrP and supports
the idea that known forms of inherited prion disorders may rather be
related to the toxic effects of misfolded PrP mutants accumulating in
the lumen of the ER. Whether the severe neurodegeneration caused by
cytosolic PrP is related to some forms of prion disease is therefore still
a matter of debate.

The importance of correct folding and of the cellular quality con-
trol in the metabolism of proteins in general and of the prion protein
in particular is once more stated in studies done on cyclophilins, a
group of peptidylprolyl isomerases (PPIases) expressed in most cellular
compartments77. Hampering the activity of cyclophilins with the fungal
immunosuppressant Cyclosporin A (CsA) in different cell lines leads
to accumulation of a PrP population with prion-like properties. These
aggregated PrP molecules form aggresomes, perinuclear microtubule-
dependent inclusion bodies located at the centrosome and character-
izing several neurodegenerative disorders related to toxic proteins78,
and also described in the pathogenesis of known familial forms of prion
disease79. ER-cyclophilins might therefore intervene directly on the fold-
ing and processing of wtPrP by ensuring the correct conformation of
non-native isomers spontaneously forming. Inhibition of this PPIase ac-
tivity of the cyclophilins with CsA therefore leads to accumulation of non-
native peptides, which are re-translocated into the cytosol. According to
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this model, the natural weakening of cyclophilin activity by aging could
contribute to formation of the “prion seed” required for initiation of familial
or sporadic prion diseases.

15.6. Anti-prion compounds and cell culture

The search for strategies aimed at the inhibition of prion propagation
involves experimental transmission of TSEs to laboratory animals. Sev-
eral classes of drugs effectively delay the appearance of clinical symp-
toms and prolong survival time of laboratory animals experimentally
infected with scrapie. Understanding the molecular and cellular mech-
anisms of action of these compounds and how they affect PrPc/ PrPSc

trafficking and localization nevertheless remains an important goal for
the achievement of more efficient therapeutic approaches. Cell culture
models represent an important and versatile system in which the activity
of structurally heterogeneous compounds on the subcellular pathways
leading to conversion of PrPc into PrPSc can be analysed in detail.

Anti-prion agents are principally represented by polysulfonated
polyanionic agents as Congo red, pentosan polysulfate and Suramin,
polyene antibiotics like amphotericin B and MS-8209, and the antra-
cycline iododoxorubicin80−84. Treatment with the amyloid-binding dye
Congo red modifies the biochemical properties of PrPc, which becomes
insoluble and partially PK-resistant85. The rate of endocytosis is also en-
hanced and the molecules targeted to late endosomes and lysosomes86.
This redistribution of PrPc localization from the plasma membrane (or
other early endocytic compartments) where conversion is meant to oc-
cur, makes PrP no longer available as a substrate for prion conversion.
An additional explanation for the therapeutic properties of Congo red lies
in its ability to bind and overstabilize the structure of PrPSc and, possibly,
PrPc87, restraining the direct contact between molecules necessary for
prion conversion. This action can also prevent the binding of PrPSc to
endogenous glycosaminoglycans necessary for amyloid PrPSc plaques
formation in natural TSEs and in scrapie infected mice88.

Others among the polyanionic sulfonated glycans shown to prolong
the life span of animals inoculated with scrapie are pentosan polysulfate
and dextran sulfate. These chemotherapeutic agents, originally used in
DNA and RNA virus therapy, in some cases completely prevent the de-
velopment of symptoms when administered prophylactically to mice and
hamsters80,89,90. There is evidence that these polyanions prevent early
uptake and replication of the scrapie agent (rather than destabilization
of the pre-existing PrPSc) in the lymphoreticular system or nerve endings
leading to lack of PrPSc in brain tissue. At a subcellular level, density of
sulphatation and molecular size are factors influencing their anti-prion
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activity81. As seen for Congo red, these inhibitors may competitively
block interactions between endogenous glycosaminoglycans and PrP
essential for accumulation in a protease-resistant form. Also these com-
pounds cause a redistribution of the prion protein to intracellular com-
partments probably unfavorable for prion conversion, but have no effect
on synthesis or degradation of the molecule86. Of note, cross-linking of
cell surface proteins with antibodies and other ligands rapidly stimulates
their internalization91. The described compounds might therefore also
induce oligomerization of PrPc.

A conformational change leading to aggregation of PrPc is the mecha-
nism accounting for inhibition of conversion to PrPSc by another polysul-
fonated compound, the naphtylurea drug Suramin43. Used in the past to
treat trypanosomiasis and as an antiviral drug, when applied in mouse
bioassays at the time of peripheral prion inoculation, this agent sig-
nificantly prolonged the onset of disease. In prion infected neuronal
cells, Suramin shows a phenotype similar to that described for other
sulfonated compounds, with induction of insoluble, PK-sensitive PrP-
aggregates at the cell surface92. A more intriguing aspect in the action of
Suramin, opening interesting perspectives in the trafficking of proteins,
is the finding that aggregates of misfolded PrP are found in intracel-
lular compartments along the secretory pathway43. These aggregates
trigger post-ER quality control mechanisms and are diverted directly
to late endosomes and lysosomes for final degradation. Localization at
the plasma membrane and in the compartments of conversion is thereby
bypassed. Further studies assessed that PrP molecules devoid of the
pre-octapeptide domain (residues 23-50), although becoming insoluble
upon treatment with Suramin, still have access to the cell surface93. This
segment of the prion protein therefore plays an important role in control-
ling the transport of misfolded PrP-molecules. Misfolding/aggregation of
the prion protein and its recognition by cellular quality control mecha-
nisms therefore represent distinct aspects in the metabolism and target-
ing of the protein.

Polyene antibiotics like Amphotericin B (AmB) and MS-8209 have
been extensively studied in in vivo models and, in contrast to most anti-
prion compounds tested, prolong incubation even long periods of time
after experimental transmission in laboratory animals has occurred94.
Although the molecular mechanisms are still not completely clear, cell
culture studies on wild type95 and mutated PrP96 hint at the ability of AmB
to modify the properties of sphingolipid and cholesterol rich domains at
the surface of cells and disorganise endosomal trafficking to account
for the inhibition of PrPSc accumulation. This drug, however, was able to
reduce but not completely stop conversion for mouse PrPc in infected
cells95. In sucrose gradients and flotation experiments, AmB formes
stable complexes with cholesterol which alter the structure of DRM
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(a property responsible for its antifungal activity) and the metabolic equi-
librium inside the cell. A direct interaction of the drug with PrPc seems
unlikely. More probable is an alteration of the lipid and protein composi-
tion of DRM which might have impact on the trafficking of PrPc and inhibit
interactions of PrPc with a putative protein X, a receptor, or with PrPSc.
It was recently shown that AmB can selectively bind to β-sheet rich pro-
tein fibrils and oligomers, a property which might also account for its
anti-prion effect by preventing or slowing nucleation and propagation97.

Another potent polyene antibiotic inhibiting PrPSc formation in chron-
ically infected neuroblastoma cells is filipin29. By binding to cholesterol,
filipin alters the caveolar structure and function. As a consequence, and
in contrast to other agents of the same class, filipin limits endocytosis of
PrPc and reduces the amount of membrane bound PrPc by massively re-
leasing the protein into the medium. This process decreases the amount
of PrP available at conversion sites and therefore reinforces the role of
lipid rafts in the metabolism of the prion protein.

For a variety of other compounds, their ability to interfere in prion
propagation has been mainly tested in in vivo and cell-free studies. The
exact cellular mechanism of action on the trafficking of PrPc/PrPSc needs
to be characterized. Of note, in contrast to most substances described
above, some of them, like branched polyamines98, tetracycline99 and
tetrapyrroles100 seem to act primarily on PrPSc, binding and reverting
PK-resistance of PrPSc aggregates and fibrils, thereby enabling cells to
degrade them.

Despite the large number of experimental approaches, of which only
few have been summarized above, the way to therapy and prophylaxis
in prion diseases still encounters massive obstacles. As for other neu-
rodegenerative disorders, effective therapy needs delivery to the central
nervous system (CNS) and therefore crossing of the blood-brain barrier,
an ability shared by a minority of compounds. Their application remains,
so far, restricted to prophylactic and post-exposure scenarios, especially
in cases with peripheral infection and accumulation of prions before in-
vasion of the CNS. In light of the long incubation time of these diseases,
extra-CNS therapy/prophylaxis can therefore be conceivable in these
situations.

15.7. Manipulating the trafficking of the prion
protein in cell culture

Knowledge of transport, localization and compartment(s) of con-
version for the prion protein have often been acquired by the analy-
sis of the metabolism of artificially designed mutated PrPs. N-terminal
deletion mutants have helped shedding light on the mechanisms and
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the sequences necessary for PrP internalization. On the other hand,
PrP-mutants in which the two short β-strands (residues 127-130 and
160-163, respectively, in mouse) or the first α-helix (residues 143-153)
had been deleted were used to characterize the role of distinct elements
of the PrP secondary structure in the conformational transitions occur-
ring during prion conversion101. Removal of the second β-strand or of
the first α-helix significantly alter processing and cellular localization of
PrPc, which is mainly retained intracellularly in pre/medial Golgi com-
partments. Deletion of the first β-strand has no effect on the processing
and trafficking of the PrPc. All these mutants, however, inhibit forma-
tion of endogenous PK-resistant PrP in mouse neuroblastoma cells and
greatly decrease the ability to form PrPSc in cell-free conversion assay.
With regard to the reduced cell surface localization of some of these
mutants, it is interesting to speculate about the subcellular compart-
ments of PrPc/PrPSc interference/conversion, whether these processes
occur in the same compartments, whether the PrPc surface localization
is mandatory for conversion or about the interference of mutant PrPs
with other auxiliary factors.

C-terminal deletions and shift in the plasma membrane localization of
PrPc are the central theme of studies assessing the importance of the
GPI-lipid anchor and the correct localization of PrPc for conversion into
PrPSc102,18,23. Already identified as an important cellular sorting motif,
GPI also directs distribution of PrPc to rafts or caveolae. Replacement
of the GPI-addition signal with the transmembrane and cytoplasmic
regions of different molecules targets PrP to clathrin-coated pits (as as-
sessed in Triton X-100 solubility assays), an event which prevents con-
version of this molecule into the PK-resistant isoform. These results
favor a model according to which formation of PrPSc is restricted to
rafts/caveolae and requires involvement of auxiliary factors.

Mutations introduced into the PrP coding sequence have also been
used to study the role of glycosylation in the determination of the strain
specific properties of prions in cell cultures. Oligosaccharide residues
attached to glycoproteins are known to promote correct folding and mat-
uration of nascent polypeptide chains and to interact with the cellular
quality control machinery103. PrP glycosylation has also been shown to
have an impact on the conformational transition of PrPc into PrPSc, to
influence the selective neuronal targeting of PrPSc, and to contribute
to the phenomenon of strain diversity104,105 The mere inhibition of gly-
cosylation with tunycamycin in scrapie-infected cells results in protease-
resistant unglycosylated PrPSc106−108. PrP molecules in which both con-
sensus sites are mutated can also sustain PrPSc conversion107. N-linked
glycans therefore seem to be dispensable for the conversion process.
Glycan chains nevertheless seem to modulate the efficiency with which
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PrPSc is formed, as low molecular weight isoforms and a physiolog-
ical intermediate glycoform of PrPc seem to be preferred substrates
for conversion109,110. Cell culture studies have dealt with several muta-
tions leading to lack of glycosylation in the mouse PrP-consensus sites
(N180XT, N196XT)108,111. PrP-molecules mutated at T182 (mutation ho-
mologous to the T183A found in cases of familial forms of TSEs) alone
or at both T182 and T196 fail to reach the cell surface and localize close
to the mid-Golgi stack, while those mutated at Thr196 or synthesized in
the presence of tunicamycin can be detected at the plasma membrane.
All mutants acquire biochemical features reminiscent of PrPSc108. A dif-
ferent set of glycosylation mutants (N180Q, N196Q) also show plasma
membrane distribution111. N-linked glycans per se, although stabilizing
protein structure are therefore not strictly required for normal biosyn-
thetic trafficking of PrP.

Modulation of the normal trafficking of PrP offers several possibilities
to understand routes and compartments underlying prion conversion.
An elegant example is provided by overexpression in mouse neuroblas-
toma cells of mutant GTPases of the Rab family which play a role in the
accurate targeting and docking of transport vesicles with their acceptor
membranes112. When a dominant-negative mutant of the Rab4-GDP,
normally implicated in regulation of membrane recycling from early en-
dosomes, or a constitutively active Rab6a-GDP, which stimulates retro-
grade transport of Golgi- resident proteins to the ER, are overexpressed
in scrapie-infected N2a cells, an increase in the amount of PrPSc can be
detected. Using immunofluorescence and subcellular fractionation tech-
niques a redistribution of PrPc to intracellular compartments including
the ER can be thereby assessed. A still not completely cleared Rab6a-
controlled retrograde pathway of PrP from the Golgi to the ER could
therefore play a role in the physiological trafficking of PrPc and, possi-
bly, of PrPSc.

15.8. Outlook

In the meantime a huge variety of cell culture models exists which are
capable of propagating infectious prions. This will facilitate the analysis
of the cellular uptake of prions, their mode of cellular propagation, how
infectivity is transferred from one cell to another, and how cells are fi-
nally able to clear prion infectivity. Up to now it is not known what makes
a cell susceptible to prion infection and what is needed to transfer an
acute infection into a persistent one. Huge progress was made towards
the potential use of cell culture models for therapeutic and diagnostic
purposes. It remains to be established whether cell culture models can
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be used for screening anti-prion compounds in high trough-put systems
or for replacing cumbersome diagnostic bioassays in rodents. Despite
these open questions and although a lot has to be done in the future,
cell culture models proved to be excellent and indispensable model sys-
tems for studying the biogenesis and pathogenesis of prion proteins and
prions.
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16.1. Introduction

The most seductive questions in prion biology have always centered
around the unusual nature of disease transmissibility1,2. What is the
transmissible agent? What are the routes of transmission from one or-
ganism to another? How does the transmissible agent spread within an
organism? What is the mechanism of replication? What is the nature of
the barrier to transmission between species? Although the answers to
these and related questions are far from clear, intense investigation over
the past several decades has led to a working framework for understand-
ing how the prion protein (PrP), in the absence of nucleic acids, could
mediate the transmission and spread of neurodegenerative disease3−6.

By contrast, another series of questions has received far less atten-
tion within the prion field. This is in part because, rather than being spe-
cific and unique to prion diseases, this second set of questions is shared
among a wide range of neurodegenerative diseases associated with ab-
normal protein accumulation. These include Alzheimer’s, Parkinson’s,
and Huntington’s diseases, among many others. The vital questions of
interest in all of these areas concerns the molecular pathways that un-
derlie the selective and devastating neuronal damage occurring during
the pathogenesis of each of these diseases. Hence, one desires to know
what the inciting event(s) or protein species are that lead to neurode-
generation. What are the causal relationships between protein aggre-
gation and cellular toxicity? What pathways of cellular homeostasis are
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disturbed and how does this lead to cell death? Why does pathology
occur in only some but not other cell types?

It is this latter, poorly studied set of questions in prion biology that
define the scope of this chapter. Unlike a traditional review article how-
ever, we will refrain from cataloging the bewildering array of toxicities,
functions, and pathologies that have been ascribed to PrP over the
years7,8. Such observations have often been conflicting, contentious,
and limited in scope. Thus, an attempt to reconcile these claims, ei-
ther with each other or to the pathogenesis of prion diseases is pre-
mature at the present time. We shall instead concentrate our efforts
on delineating a systematic and logical approach for the study of PrP-
mediated neurodegeneration. In developing these ideas, we have taken
many cues from analogous studies of the other neurodegenerative dis-
eases. Unencumbered by the issues of transmission, scientists in these
other areas have delved more broadly and deeply into the mechanisms
contributing to neuronal dysfunction during disease pathogenesis9−13.
Conceptual lessons from these studies, although not specifically con-
sidered in this chapter, significantly shape the concepts articulated
herein.

In any discussion of prion diseases, the issues of transmissibility (the
first set of questions above) and neurodegeneration (the second set of
questions) are inextricably linked. However, this linkage in thinking has
significantly clouded meaningful investigations into the mechanism of
neurodegeneration. In the first part of the chapter, we examine the basis
for historically considering transmission and neurodegeneration as cou-
pled aspects of disease pathogenesis. We then present the rationale,
based on available studies, for asserting that the issues of neurode-
generation are not obligatorily coupled to transmission. And finally, we
argue that for a productive investigation into PrP-mediated neurodegen-
eration, it should first be studied, both conceptually and experimentally,
in isolation from the complexities of transmissibility issues.

In the second part of this chapter, we apply the ideas developed in the
first half to formulating one way in which PrP-mediated neurodegenera-
tion can be studied in the absence of PrP-templated transmissibility. We
then present a framework for identifying and validating the molecular
basis of neuronal damage during prion disease pathogenesis. In so do-
ing, we will argue for the importance of a quantitative understanding of
PrP cell biology, including its biosynthesis, trafficking, and metabolism.
The best available information and candidates for PrP-mediated neu-
ropathology will be discussed and the key steps for future studies aimed
at their validation will be outlined. While the topic of discussion will be
focused exclusively on diseases involving PrP, we hope that the gen-
eral cell biological approach prescribed herein will provide a framework
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within which to evaluate the pathogenesis of related neurodegenerative
diseases that face remarkably similar issues once the complicating vari-
ables of prion transmissibility are stripped away.

16.2. Definitions

The nomenclature in the prion field is both heterogeneous and
inconsistent. To avoid confusion, it is prudent to begin with clear
definitions of the terminology used in this chapter. Transmissible spongi-
form encephalopathies (or TSEs) and prion diseases are synonymous:
both refer to the spectrum of slowly progressing, transmissible neu-
rodegenerative diseases with characteristic clinical and pathological
sequalae2−6. The term prion, derived from the words proteinaceous and
infectious, is by definition the transmissible agent in these diseases2.
Importantly however, a specific molecular description of the prion (in
terms of a precise composition) remains elusive. While most in the field
would agree that a prion is free of large nucleic acids2−6, the potential
presence or roles for small ligands, micro-RNAs, and other components
have not been clearly defined. Thus, a prion is an agent, composed
mostly if not exclusively of protein, responsible for the transmission of
prion diseases (or TSEs) from one organism to another.

The prion protein (PrP), to be clearly distinguished from a prion, is
the name for the most abundant and consistently identified protein in
the purest available preparations of prions (and hence, the name orig-
inally given to this protein). This single protein has been described in
numerous forms and locations. Thus, “PrP” is often appended with
a modifier to more specifically refer to one particular species among
several that include: PrPC, PrPSc, CtmPrP, NtmPrP, secPrP, cyPrP, PrP-
res, and PrP-sen. In this chapter, the general term PrP is used to re-
fer to this protein when no single form is being specified (e.g., as in
PrP-mediated neurodegeneration). PrPSc is used to specify the form
that progressively accumulates during the course of prion disease
and is therefore also the most abundant species in prions. This form
is widely2−6, but not universally14−17 thought to be the transmissible
agent in prions. PrPC refers to the normal, endogenously expressed,
cellular PrP: a GPI-anchored protein found on the surface of many
cell types, most abundantly neurons. The terms PrP-res and PrP-sen,
which define species of PrP on the basis of the biochemical prop-
erty of protease resistance, will not be used in this chapter due to
the ambiguity of what conditions distinguish ‘sensitivity’ versus ‘resis-
tance’ to proteases. The remaining forms of PrP (secPrP, CtmPrP, NtmPrP,
and cyPrP) make distinctions based on the cellular locale and topo-
logical orientation of PrP relative to a membrane. Each of these is
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defined in further detail in the subsequent sections where they are
discussed.

And finally, a word about the term pathogenesis. Since this term
broadly encompasses all of the events that go awry during the course of
a disease, it is often insufficiently specific in describing a particular facet
of disease. In the case of the prion diseases, there are at least two dis-
tinct phases that we wish to distinguish: i) transmission—acquisition,
replication, and accumulation of prions, and ii) neurodegeneration—
the processes that result in the observed neuronal damage, pathology
and clinical symptoms. Since the term pathogenesis includes both of
these processes, we shall refrain from its use unless referring to the
entire disease process. Otherwise, we shall use the more specific terms
related to the aspect of disease pathogenesis under discussion.

16.3. Transmission versus neurodegeneration
during prion disease pathogenesis

Prion diseases are by definition transmissible: they are either acquired
by transmission and/or can be subsequently transmitted to another indi-
vidual. This necessarily means that the disease involves the acquisition
and replication of prions. It is entirely reasonable therefore to presume
that the neurodegenerative disease that ensues must obligatorily be
caused by the replication and accumulation of prions. Hence, the nature
of the prion and the mechanisms underlying its replication would appear
to be central questions in not only the transmissibility of prion diseases,
but also in the neurodegeneration that results. For these reasons, an
implicit assumption has generally been that an understanding of prion
replication would also reveal the molecular basis of prion-mediated neu-
rodegeneration. Unfortunately, this supposition has thus far not proven
to be the case despite significant advances in defining both the nature
of the prion and the mechanism of its propagation.

After identifying a protein, PrPSc, as the major component of prions2,
a crucial advance was the subsequent discovery that this protein is en-
coded by a normal host gene18,19. The host encoded form of PrP, termed
PrPC, was found to be identical in sequence but distinct in conformation
than PrPSc (ref. 20). These findings had two major consequences for the
understanding of prion diseases. First, it immediately suggested a mech-
anistic model of prion propagation in which PrPSc would mediate the con-
formational conversion of PrPC into additional copies of PrPSc (the so-
called ‘protein-only’ or ‘prion’ hypothesis)2. In the two decades since
this model was proposed, it has gained tremendous support and is the
generally accepted paradigm of prion propagation and transmission3−6.
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Figure 16.1. Two conceptually different ways (models A and B) of reconciling the
relationship between transmissible and inherited forms of neurodegeneration mediated
by PrP.

The second consequence of cloning the PrP gene was the resolution
of a previously long-standing conundrum in prion diseases: how is it that
a disease could have both familial and transmissible forms? The answer
lie in the finding that the familial forms of these neurodegenerative dis-
eases were caused by mutations in the gene encoding PrP (ref. 21–24).
Thus, PrP can apparently cause disease in two ways. In transmissible
forms of the disease, PrPSc can induce the misfolding of host PrPC into
additional copies of PrPSc. Alternatively, mutations in host PrP can lead
directly to disease.

In hindsight, these observations can be used to reconcile the trans-
missible and inherited forms of disease and unify them under a single
paradigm in one of two (non-mutually exclusive) ways (Figure 16.1). The
first possibility (model A) is that mutations in PrP destabilize its folding to
predispose the spontaneous generation of the PrPSc form. In this model,
the spontaneously generated PrPSc could then facilitate its further prop-
agation from PrPC, accumulate, and cause disease by the same mecha-
nisms involved in transmissible prion diseases. The second less obvious,
but equally plausible possibility (model B) is that neuronal damage re-
sults from a derangement in some aspect of normal PrPC metabolism.
In this view such altered cellular metabolism of PrP could be caused
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either directly by certain PrP mutations, or indirectly as a secondary
consequence of PrPSc generation or accumulation. Thus, the most
proximal cause of neurodegeneration is focused on PrPC in model B,
but PrPSc in model A.

Both models share several important features. First, the conversion of
PrPC to PrPSc (indicated in gray shading) is the central event in the prop-
agation and accumulation of PrPSc, and therefore essential for trans-
mission of disease. And second, both models posit that the transmis-
sible and familial forms of the disease converge on a single proximal
cause of neurodegeneration. Such a shared final pathway of neuronal
damage would explain the similarities in clinical course and pathological
findings common to the various neurodegenerative diseases mediated
by PrP. Yet, the two views make dramatically different predictions about
the key events leading to neurodegeneration. The first model proposes
that the accumulation of PrPSc not only generates more transmissible
agent, but is the direct cause of neurotoxicity. By contrast, the second
model proposes that some feature of PrPC metabolism causes neurode-
generation when misregulated (either directly by mutation, or indirectly
by the accumulation of PrPSc).

Historically, only the first of these two models has been articulated
or seriously considered. The reason for this prejudice is because at the
time of the identification of inherited PrP mutations, PrPC to PrPSc con-
version was already well-established as the central event in both trans-
mission and neurodegeneration. It was therefore logical and simpler
to propose that PrPSc accumulation acted directly to cause neuronal
damage (model A) rather than indirectly via some other aspect of PrP
metabolism (model B). In fact, a desire to experimentally discriminate
between these two models was largely obscured by the strong bias in
favor of the first model. This was further complicated by the rarity of the
human genetic forms of these diseases, making their molecular analysis
difficult. Thus, the two views have never been systematically or directly
tested for their validity. Instead, an ad hoc series of experiments, often
designed for other purposes, must be evaluated to help discriminate
between the different views of PrP-mediated neurodegeneration.

One of the key predictions of model A is that human neurodegenera-
tive diseases caused by mutations in PrP should accumulate PrPSc, gen-
erate transmissible agent (i.e., prions), and should therefore be trans-
missible. Testing definitively for PrPSc or prion accumulation in diseased
human tissue is complicated by several confounding variables. While
protease resistance and relative insolubility provide valuable surrogate
markers of PrPSc, neither of these properties is unique to PrPSc (that is,
there are several ways to make PrP insoluble or protease resistant with-
out necessarily generating disease-associated PrPSc; see for example,



Molecular Basis of Prion Protein-Mediated Neuronal Damage 413

ref. 25). Conversely, the lack of these properties would not necessar-
ily rule out the presence of PrPSc, especially since digestion and sol-
ubilization conditions are operationally defined and variable from one
laboratory to another. Nonetheless, such analyses have been done on
at least some of the familial cases of PrP-mediated neurodegenerative
disease with mixed results. Some mutations (e.g., D178N, E200K, or
V210I; ref. 26 and 27) result in the abundant accumulation in brain of
protease-resistant PrP whose digestion properties and fragments are
characteristic of PrPSc. Other mutants (e.g., P102L or F198S) appear to
accumulate PrP in a state distinguishable from normal PrPC, but do not
have the same biochemical properties of PrPSc. For example, they may
be only partially resistant to proteases, or yield digestion fragments of
different sizes28−35. Yet other mutants (e.g., A117V) show no obvious
biochemical evidence of PrPSc accumulation33,34.

Meanwhile, the most definitive test for prions, a bioassay, was be-
ing performed in parallel on comparable samples36−39. However, due
to a potential species barrier between the source (human) and host
(usually rodents, or in some instances non-human primates), the in-
terpretation of transmission results are often complicated. In these ex-
periments, disease transmissibility appears to correlate more or less
with the biochemical studies: samples showing clear evidence of PrPSc

(e.g., E200K) transmit disease with high frequency, while others (e.g.,
P102L or A117V) transmit disease to few or no recipients. While these
observations further strengthen the case for PrPSc as the transmissible
agent in prions, it was also the first indication that neurodegeneration
could potentially be caused by PrP mutants that did not obligatorily gen-
erate either PrPSc or prions. It was therefore at least feasible that the
development of PrP-mediated neurodegenerative disease could be un-
coupled from the replication and accumulation of prions (i.e., suggested
by model B).

Despite these results, the experimental difficulties and the inability
to do conclusive studies without the confounding variables of species
barriers left a definitive conclusion out of reach. It remained entirely pos-
sible that prions did form and accumulate in all of these PrP-mediated
diseases, but were simply not readily detectable in some instances by
the admittedly complicated assays being employed. Thus, the simplest
view remained that both transmission and neurodegeneration depend
absolutely on the replication and accumulation of prions, a process pre-
sumed to be synonymous with the conversion of PrPC to PrPSc (i.e.,
model A). Indeed, an alternative view was essentially still not consid-
ered. What then was imagined to be the cause of neurodegeneration?
Two obvious (non-mutually exclusive) possibilities were usually cited.
Either neurodegeneration was a result of the depletion of PrPC as a
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consequence of its conversion to PrPSc, or the accumulation in brain of
the insoluble, aggregation-prone PrPSc form was proposed to be inher-
ently harmful. However, both of these possibilities soon proved difficult
to demonstrate.

The first surprising finding was the observation that PrP knockout
mice are phenotypically normal40. As predicted, these mice are resis-
tant to prion infection and propogation41,42, consistent with a require-
ment for endogenous PrPC in the replication of PrPSc. However, the
fact that the absence of PrPC did not directly cause neurodegeneration
suggested that the depletion of PrPC during prion replication may not
be the cause of neurodegeneration. At the time, it remained possible
that the knockout mice, having lacked PrP from the single-cell stage,
did not mimic the acute PrPC depletion that might occur during prion
disease. However, recent studies in which no adverse consequences
were observed upon post-natal disruption of the PrP gene strongly ar-
gue against the depletion of PrPC, either acutely or chronically, as the
cause of neurodegeneration43,44.

This then left the proposed toxicity of PrPSc accumulation as the
most obvious candidate in causing neurodegeneration. Unfortunately,
the simplest variant of this hypothesis quickly became untenable as well.
In a wonderfully elegant experiment, the brain tissue of PrP-expressing
mice was grafted into the brain of PrP-knockout mice45. Upon inoc-
ulation of these grafted mice with prions, the PrP-expressing tissue
replicated the prions and generated large amounts of PrPSc and trans-
missible agent. Despite its deposition throughout the brain, only the
tissue actively expressing PrP succumbed to neurodegeneration; the
PrP-knockout tissue remained completely unaffected even after pro-
longed exposure to PrPSc and transmissible prions. This conclusion has
been confirmed more recently by a completely independent approach
in which PrP was selectively depleted in neurons after the initiation of
prion infection44. Even though the infection continued to generate pri-
ons and PrPSc (presumably via non-neuronal cells such as astrocytes),
the neurons remained free from further damage. In fact, the degenera-
tion present at the time of PrP depletion may even have been reversed
at later points. Thus, it appears that the accumulation of PrPSc is not
inherently toxic to neurons per se.

From these various observations, it has become increasingly clear
that the cause of neurodegeneration in prion diseases cannot easily be
explained by the most apparent events that accompany the replication
of prions: the acute depletion of PrPC or the accumulation of PrPSc.
Instead, these observations suggest remarkably that the accumulation
of PrPSc and of prions is neither necessary (e.g., in the case of some
familial PrP mutants) nor sufficient (e.g., in the context of neurons not
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actively expressing PrPC) for neurodegeneration. Yet, the evidence that
conversion of PrPC to PrPSc is the central event in prion replication and
disease transmission is now overwhelming3−6. How then can these two
conclusions be reconciled?

The simplest way would be to posit that the events that are of
paramount importance to transmission (PrPC to PrPSc conversion) are
not necessarily the same ones that are critical for neurodegeneration.
Clearly however, both facets of the disease involve host-encoded PrP,
but apparently in different ways. For prion replication and transmis-
sion, host PrP is absolutely required as a source of substrate for PrPSc

propagation. For neurodegeneration (in both transmissible and non-
transmissible forms of disease), ongoing PrP expression in the cells
that eventually succumb to disease is absolutely required. Thus, the
primary insight that we currently have into the basis of neurode-
generation in these diseases is that some aspect of active PrP ex-
pression or metabolism is required for its selective toxicity to neu-
rons. For these reasons, we argue that while historically, there have
been good reasons to consider transmissibility and neurodegeneration
as coupled events in prion disease pathogenesis, the fact that they can
be uncoupled experimentally and naturally merits their consideration as
separate and distinct phases of the disease. But should neurodegen-
erative processes be studied separately from transmissibility and prion
replication, and if so, how?

16.4. The case for uncoupling neurodegeneration
from transmission

There are several reasons, both conceptual and technical, to study
the neurodegenerative processes of PrP-mediated disease indepen-
dently of transmission. A particularly pragmatic reason relates to the
biochemical properties of PrPSc that make the cell biological and bio-
chemical study of other PrP isoforms difficult. First, the half-life of PrPSc

in cultured cells or brain tissue is substantially longer than other PrP
species46,47, resulting in its much higher levels at steady state. Second,
PrPSc is both highly aggregated and heterogeneous48,49. Together, with
its high abundance during transmissible disease pathogenesis, these
properties make biochemical fractionation of the various PrP isoforms
exceedingly difficult. Thus, nearly all fractions of any separation method
contain amounts of PrPSc that are comparable to or exceed other PrP
isoforms. Third, sensitive reagents (e.g., antibodies) highly specific to the
PrPSc form remain elusive despite extensive efforts and some claims
of success50−52. Thus, its definitive and high resolution detection in
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individual fractions, within a cell (e.g., by immunofluorescence), or in
tissue remain difficult. Fourth, PrPSc is generally highly resistant to pro-
tease digestion relative to the other forms of PrP. This, combined with the
lack of specific antibodies for PrPSc make it difficult to remove selec-
tively in instances where the other PrP isoforms need to be analyzed.
And finally, PrPSc continues to elude a clear molecular or structural de-
scription. Many different ‘strains’ have been identified53 that differ in
poorly defined ways with respect to both transmissible and biochemical
properties.

It is therefore clear that the presence and accumulation of PrPSc dur-
ing PrP-mediated neurodegeneration makes the selective analysis of
non-PrPSc forms of PrP difficult. This has been a principal reason that
any role in neuronal damage for PrP isoforms other than PrPSc has
been difficult to evaluate. Conversely, such non-PrPSc forms are rela-
tively easily removed (for example, with protease digestion) to selectively
reveal the more abundant PrPSc. While this has facilitated PrPSc analy-
sis during transmissible disease progression, it has also obscured other
PrP forms that may contribute to or cause neurodegeneration. Thus,
an evaluation of any role for non-PrPSc forms in the development of
neuronal damage would be facilitated greatly by systems in which PrP-
mediated neurodegeneration is recapitulated in the absence of PrPSc

accumulation.
A second reason to uncouple the neurodegenerative from transmissi-

ble phases of disease relates to the multi-factorial and complex param-
eters that influence transmission of prion diseases3−6. These factors
include the ‘strain’ of prion involved, the passage history (i.e., in what
species did it pass through), the primary sequences of the host versus
exogenous PrP, yet undefined factor(s) needed for prion replication (e.g.,
a hypothetical protein X, among other factors), and incompletely defined
modifiers of prion susceptibility and incubation time54−58. These param-
eters each influence the time course of the disease, the pathological
features that are observed, and the cell-type specificity of involvement.
Ideally, it is desirable to simplify these variables by analyzing disease
in a model where a defined inciting event (such as a point mutation)
leads as directly as possible to the pathway of neurodegeneration with-
out influencing too many other events that would obscure the relevant
pathogenic steps.

The third reason to study the later neurodegenerative steps in the ab-
sence of transmissible agent is the simple practicality of biosafety and
containment. The study of prions in either cell culture or mouse models
requires specific biosafety considerations that involve a substantial in-
vestment of resources. Equipment and space are generally dedicated
to prion work, making their use for other studies impractical. This makes
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it difficult for investigators in other fields of study to initiate prion-related
studies. However, the issues of PrP-mediated neurodegeneration, if re-
capitulated in the absence of transmissible agent, can be studied as any
other cell-biological or pathological process. Since these downstream
events are likely to involve aspects of basic cell biology, signal trans-
duction, apoptosis, etc., their analysis would be markedly facilitated by
the involvement of experts in these different fields. Thus, models of
PrP-mediated neurodegeneration in isolation from the issues of trans-
mission would reduce barriers to a multi-disciplinary approach to these
problems. As argued in the previous section, there are now compelling
reasons to believe that in fact, PrP-mediated neurodegeneration is not
obligatorily linked to either PrPSc or the formation and accumulation of
transmissible prions. Therefore, it is not only feasible, but desirable to
experimentally uncouple these two phases of the disease to facilitate
the mechanistic dissection of the neurodegenerative process.

16.5. Genetic PrP-mediated neurodegeneration
as a model system

What is the most productive way to study the neurodegenerative
phase of PrP-mediated disease in the absence of PrPSc or transmissible
agent? We believe the answer to this question lies in a careful considera-
tion of model B (Figure 16.1). In this model, prion disease pathogenesis
is depicted in two phases: the replication and accumulation of prions, fol-
lowed by the neurodegeneration induced by this process. Both phases
are experimentally known to require ongoing PrP synthesis, but appear
to involve different aspects of its metabolism. In the first phase (shaded
in gray), PrPC is needed as the substrate for the template-mediated con-
version into PrPSc, an event thought to be essential for the generation
of prions. In the second phase, the role of PrP expression is unknown,
but is an absolute prerequisite for neuronal cell death. Thus, some fea-
ture of PrP metabolism, after its active de novo synthesis, is altered in
a way that leads to neurodegeneration. The neurodegenerative events
are initiated in one of two ways: either as an indirect consequence of
PrPSc formation and accumulation during transmissible prion disease
(indicated by the dotted line in model B), or due to inherited mutations
in the PrP gene in genetic disease.

In the case of the genetic diseases, the mutation can be envisioned
to act in one of two ways. In the first way (designated Class I; see
Figure 16.1), the mutation may influence PrPC folding in a manner that
facilitates its spontaneous conversion to PrPSc. Once this spontaneous
event occurs, PrPSc would mediate its templated self-propagation to not
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only generate more PrPSc, but to initiate the heretofore unknown events
leading the neurodegeneration. Thus, these forms of genetic disease
act by first generating PrPSc (and hence, are predicted to be transmis-
sible) which then leads to neurodegeneration by the same mechanisms
utilized in transmissible prion diseases. The second way PrP mutations
could cause disease is to alter PrP metabolism in a way that recapit-
ulates its ability to cause neuronal damage. In these instances (des-
ignated Class II), the effect is directly on PrPC metabolism and there-
fore need not involve PrPSc formation. Thus, such inherited diseases
would neither accumulate PrPSc nor be transmissible.

The phenotype of Class I PrP mutants, if recapitulated in model sys-
tems, would be ideal for studying PrPSc formation and replication. Here,
a defined change in primary sequence facilitates not only spontaneous
conversion to PrPSc, but its subsequent self-propagation in a way that re-
constitutes disease pathogenesis. By contrast, Class II mutations should
allow the steps of PrP-mediated neurodegeneration to be reconstituted
in a model system without the involvement of PrP Sc. Clearly, the
most insight into neurodegeneration with the least confounding vari-
ables would be to study such genetic lesions that bypass prion replica-
tion and directly modulate the aspects of PrP metabolism that initiate the
molecular pathways leading to neuronal dysfunction and death. Thus,
an important step lies in distinguishing between the two ways that inher-
ited PrP mutations lead to disease, and identifying for study those that
are likely to work by the second mechanism.

Simplifying the study of a complex, multi-factorial disease process by
first focusing on genetic examples that may recapitulate key facets of
pathogenesis is an approach with numerous important precedents. This
is analogous to progress in other complex diseases such as Alzheimer’s
disease or breast cancer. In these instances, the analysis of rare ge-
netic variants were instrumental in illuminating particular molecular play-
ers and mechanistic steps to guide a better understanding of the more
commonly occurring forms of disease that were otherwise too heteroge-
neous to allow systematic analysis. Even though clinical and patholog-
ical features of the genetic variants often differ in significant ways from
the non-heritable forms of the disease, the initial faith that they would all
share at least some common mechanistic steps at the molecular level
was eventually validated upon further study.

At this stage in our understanding of prion disease pathogenesis, a
similar faith is needed in the commonality of the underlying mechanis-
tic steps involved in the different disease variants. Clearly, there are
many differences among the various genetic, sporadic, and transmis-
sible forms of PrP-mediated diseases. Yet, they all share the involve-
ment of PrP, certain pathologic features, their late onset followed by
rapid disease progression, and the selective involvement of the central
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Figure 16.2. Different biochemical properties of PrP among various disease-
associated mutations. Brain tissues from the indicated human diseases were analyzed
before (‘-’) or after protease digestion using mild (‘M’) or harsh (‘H’) conditions (as de-
fined in ref. 33). Tissue from non-familial CJD was also analyzed in parallel. All samples
were digested with PNGase to remove glycans prior to analysis by immunoblotting.

nervous system despite widespread PrP expression. For these rea-
sons, a faith in at least some shared common features is probably not
misguided, and more than offset by the potential for simplification by
studying select inherited examples of PrP-mediated neurodegenerative
disease. Even if the pathogenic events are not shared among the ge-
netic and transmissible forms of disease, at the very least, insight into the
pathogenic events of a model protein folding disease will be illuminated
by studying PrP mutants that directly cause neurodegeneration.

There are roughly 30 choices among the genetic lesions in PrP that
cause neurodegeneration59,60. The vast majority of these very rare mu-
tations have not been studied in any significant detail. In at least a few
instances however, sufficient analysis has been performed to evaluate
whether they might be Class I or II mutants of PrP. Since one primary
distinction between Class I and Class II mutants is whether they ac-
cumulate PrPSc, a biochemical analysis is perhaps the simplest way
to initially categorize the mutants. As one such example (see Figure
16.2, which essentially recapitulates previous observations26−35), the
susceptibility of PrP to different protease digestion conditions is evalu-
ated. Here, a very high proportion of total PrP from transmissible CJD
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is characteristically resistant to ‘harsh’ protease digestion in a manner
that generates only a resistant C-terminal domain (indicated by an as-
terisk in Figure 16.2). This behavior indicates that the majority of PrP is
in the PrPSc form at the time of death from illness. Exactly this behavior,
both quantitatively and qualitatively, is observed for several of the
human PrP mutants (e.g., E200K, D178N, and V210I), suggesting that
like transmissible disease, these familial forms also accumulate large
amounts of PrPSc. Indeed, these are also the heritable diseases that
have been easily transmitted to animal hosts with high efficiency36−39.
Thus, they appear to be Class I mutants that may work by favoring the
spontaneous generation of PrPSc.

By rather striking contrast, several other heritable PrP mutants show
distinctly different behaviors. These mutants do not result in the accu-
mulation of PrP forms whose C-terminal domain is highly resistant to
‘harsh’ protease digestion. Instead, some (such as P102L or A117V)
appear to contain PrP forms that are only ‘mildly’ resistant to protease
digestion (arrowheads in Figure 16.2). Others contain and accumulate
smaller metabolic fragments of PrP (arrows, Figure 16.2) that seem to
resist protease digestion and are not observed at comparable levels
in normal brain tissue. These observations suggest that these mutants
may cause a change in some aspect of PrP metabolism, but do not
generate much if any PrPSc. Consistent with this interpretation, brain
homogenates from such samples do not appear to transmit disease to
experimental animals36−39, suggesting that they may represent Class II
mutations that directly lead to neurodegeneration in the absence of
either transmissible agent or PrPSc. Similar observations of altered
metabolism without apparent PrPSc or prion accumulation has also been
made with other more gross mutations in PrP. These additional putative
Class II mutants include premature stop codons and octapeptide (or
octarepeat) insertions into the N-terminal domain of PrP (ref. 61–65).
Hence, as a group, Class II mutants would appear to be the best candi-
dates for examples of disease in which PrP metabolism is directly and
specifically affected to cause neurodegeneration, without the compli-
cating feature of prion replication and accumulation. Among them, point
mutants may represent the best choices for a model system since their
effects are presumably more selective than large insertions or prema-
ture truncations.

16.6. The importance of PrP cell biology

How can one use the genetic lesions that are hypothesized to selec-
tively cause neurodegeneration to understand the mechanistic basis of
the disease process? There are two qualitatively different, non-mutually
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exclusive directions. The first approach is to reconstitute the key events
of cellular dysfunction that accompany neurodegeneration in a model
system amenable to experimental manipulation. The second strategy
involves comparative quantitative analyses of the cell biological behavior
and metabolism of PrP and its disease-associated variants to generate
testable hypotheses for the mechanisms involved in initiating neuronal
damage. The rationale, utility, and current progress toward both of these
strategies are discussed in turn below, with our argument for why the
second, cell biological approach is particularly important at the present
stage of progress in this field.

The first approach, that of selectively reconstituting PrP-mediated
neuronal damage in a model system, would allow the evaluation and
dissection of the steps leading from a defined lesion in PrP to eventual
cell death. Ideally, the system of choice would be the simplest and most
manipulable model, such as yeast or perhaps cultured cells that allow
the combined use of genetic, molecular, and biochemical tools to easily
modulate individual gene products, cellular pathways, and environmen-
tal parameters. For such a system to be useful, it must recapitulate at
least some facets of the native disease process, such as the selec-
tive effects of known disease-associated mutations. At this point, no
such model has been successfully developed or validated. This con-
trasts sharply with the process of PrPSc propagation, which has been
both reproduced in several cell culture systems66−69 and validated by
the demonstration of infectivity in animal bioassays69. Such systems
have proved quite valuable over the past 15 years in helping to uncover
features important to PrPSc generation and propagation.

The difficulties of recapitulating the key features of neuronal dys-
function in simplified systems are many. These include the appar-
ently extreme cell-type specificity of this process in vivo. Only neu-
rons appear to be obviously affected during disease70−71 despite
widespread expression of PrP in multiple cell types both in and out
of the nervous system72−73. Furthermore, specific and different sub-
sets of neurons are affected in the different disease variants with no
clear explanation3−8,74,75. These observations indicate that very pre-
cise cellular conditions that may not be easily recapitulated in other
model systems (such as yeast or cultured cell lines) are necessary
to manifest the downstream consequences associated with PrP mu-
tations or PrPSc accumulation. In addition, the cellular context may play
a currently unappreciated key role. For example, the in vivo situation
of multiple interacting cell types and defined external cues such as hor-
mones, growth factors, or extracellular matrix may substantially influ-
ence PrP-mediated neurotoxicity in ways that are difficult to reproduce in
culture.
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A second problem is that in vivo, the disease is temporally confined
both in terms of the slow progression and defined age of onset. The ba-
sis of these observations is not known; why is it that despite expressing
a mutant PrP gene at high levels for between 40–50 years, the disease is
only manifest late in life? Thus, faithfully reproducing neurodegenerative
events in a simplified system stripped of the in vivo context and under
vastly different time scales, while potentially very useful and appealing,
may be daunting. Tricks of PrP overexpression and the use of stressful
conditions to tax the cells may be necessary to facilitate PrP-mediated
toxicity in such model systems; however, such manipulations may make
distinguishing effects of the normal from mutant proteins especially dif-
ficult. Furthermore, without specific intermediate markers of PrP dys-
function, one would need to reconstitute the entire downstream set of
events that lead to detectable cellular damage. This may encompass too
many steps to easily accomplish in simplified cellular systems. These
considerations help to define the obstacles that one must consider in
the establishment of model cellular systems, and perhaps explain why
such systems have been very slow to develop in both PrP-mediated and
other neurodegenerative diseases.

Many of these obstacles could potentially be overcome by the use of
whole organisms that contain multiple differentiated cell types in which
the likelihood of recapitulating the desired neurodegenerative pathways
is increased. Again, one would seek to observe effects that are selective
to both neurons and disease-associated PrP mutants. Although a ho-
mologue of PrP is not found in the genomes of either Drosophila or C.
elegans, these are both attractive candidates for such an approach due
to their genetic manipulability and the existence of tools for large scale
loss-of-function screens using RNAi methodology. At present, little effort
has been expended towards these goals, largely due to the focus on the
transmissible features of the disease that have long been reconstituted
in a cell culture system. Indeed, in the case of polyglutamine expansion-
mediated protein aggregation and neurodegeneration (where transmis-
sibility is not an issue), useful models have been developed and ex-
ploited in both C. elegans and Drosophila76−78. Similar models for the
neurodegenerative phase of PrP-mediated disease should greatly facili-
tate both the testing of hypotheses related to the pathogenic events (see
below) and the elucidation of the cellular pathways involved. Until such
simpler model systems are developed and validated, one must either
work within the confines of the modestly manipulable, slow time frames
characteristic of transgenic mice, or take parallel alternative strategies
to obtaining mechanistic insights into PrP-mediated neurodegeneration.

The principal parallel strategy that, in our opinion, offers the high-
est likelihood of success is founded on a thorough and quantitative
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understanding of PrP cell biology. In short, the logic is that in order
to understand the causative basis of a disease-associated PrP muta-
tion, the metabolism of the mutant PrP needs to be compared to and
distinguished from wild type PrP in simplified biochemical and cell cul-
ture systems. In this manner, one can identify potential differences in
the behavior of PrP mutants that may account for their biological con-
sequences in vivo. It is important to note that in these experiments, the
mutant PrP is not anticipated to necessarily induce the eventual conse-
quences of cell damage in the model system. As discussed above, the
downstream pathways are not likely to be easily recapitulated. Rather,
this approach is intended to identify differences between wild-type and
mutant PrPs that would represent potential initiating events for subse-
quent neurodegenerative sequelae. Once specific points of difference
are identified in the pathways of PrP metabolism, hypotheses can be
formulated regarding the role of such events in the neurodegenerative
process. The readily manipulable biochemical and cell biological sys-
tems employed to initially identify the differences in PrP metabolism
should also facilitate the development of tools to exaggerate or mini-
mize the key step(s) in question. Finally, such tools would then be used
in suitable model systems (such as transgenic mice) to either validate or
negate hypotheses that propose key roles in inciting neurodegeneration.
Thus, in this strategy, basic aspects of PrP cell biology are studied in
easily manipulated and rapidly analyzed systems to generate hypothe-
ses that are subsequently tested in the more laborious and slow in vivo
setting only after specific tools and mechanistic insights are available.

A key step in this experimental strategy is to determine in molecular
detail the cell biological properties and metabolism of PrP to facilitate
its comparison to the mutants. This is not necessarily to learn the nor-
mal function of PrP, since loss of its still unknown functions43 are not
thought to be the key event leading to neurodegeneration. Rather, it is
to facilitate the identification of an apparently dominant, gain of func-
tion feature imparted by the mutant that is likely to cause neurodegen-
eration. Put another way, how can one possibly figure out what goes
‘wrong’ without a clear description of what ‘right’ looks like? Thus, in the
absence of a quantitative description of the steps in PrP biosynthesis
and metabolism, one cannot reasonably hope to detect anything but the
most dramatic effects caused by mutant PrP variants. However, dramatic
consequences of PrP mutations are not particularly likely in light of the
fact that the disease manifests over such a prolonged time frame. This
principle is analogous to the effects of mutations in Alzheimer’s precur-
sor protein (APP) that cause neurodegeneration. The mutations do not
have overtly obvious effects on APP metabolism; rather, most of them
subtly influence specific processing events involved in the generation of
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a particular peptide fragment (a-beta) which, over many decades, has
adverse consequences9. Such effects would have been very difficult to
detect without well-defined and quantitative assays for the normal events
in APP metabolism. Similar and analogous parallels can be drawn with
many other slowly-developing diseases in which small biochemical ef-
fects are sufficient to cause disease over appropriate time scales in the
correct in vivo context. It is therefore imperative that in vitro analyses
should have the capability to quantitatively detect subtle differences in
a variety of parameters related to PrP cell biology.

What then are the facets of PrP cell biology that should be the fo-
cus of our attention? Given that the normal function of PrP is neither
known nor is believed to play a role in neurodegeneration, it is most rea-
sonable to dissect the steps in PrP biosynthesis, maturation, trafficking,
and degradation pathways. These metabolic events seem particularly
relevant in light of the observation that even in cases where PrPSc accu-
mulation is not occurring, various other forms of PrP are often deposited
as plaques or other aggregates at the later stages of the disease70,71.
While the causative role of such deposits remains uncertain, they do in-
dicate that some facet of its normal metabolism has gone awry at some
point during pathogenesis. Thus, the operant questions regarding PrP
that should be asked and addressed include: what are the key steps dur-
ing its biosynthesis? What machinery is required for its proper entry into
the endoplasmic reticulum (ER)? What factors in the ER are involved in
its modifications, folding, and maturation? How efficient are these vari-
ous steps during its biogenesis? What happens to the population of PrP
molecules that fail in their maturation? What are PrP’s different desti-
nations in the cell? How is it trafficked to these sites such as the cell
surface, and what additional maturation steps occur en route? What are
the pathways and time frame for its normal turnover? What machinery
is involved, and what metabolic products are generated?

Thus, each facet of the life of PrP from its point of synthesis to its re-
cycling into degradative products should be analyzed quantitatively. By
analyzing these same events for various disease-associated mutations,
specific steps that may be deranged, even very slightly, can be identified.
Once these potential differences are found, they can then be studied to
investigate the mechanistic basis of the effect and subsequently modi-
fied to either enhance or decrease the process in question. These tools
can then be used in vivo to test specific hypotheses regarding the patho-
genesis of prion diseases. While the complete sequence of investigation
is far from complete in any aspect of PrP metabolism, some initial studies
have identified potential candidates for being involved in PrP-mediated
neurodegeneration. Below are described the historical development and
current state of investigation into these aspects of PrP cell biology, their



Molecular Basis of Prion Protein-Mediated Neuronal Damage 425

relationship to neurodegeneration, and some comments on what is now
required to further our understanding.

16.7. CtmPrP and the development
of neurodegeneration

When the gene encoding PrP was first cloned, an obvious (and decep-
tively simple) question was to determine its normal biosynthetic pathway
and cellular locale. Since PrPC (and PrPSc) were known to be glycosy-
lated, PrP was presumed to be trafficked through the secretory pathway.
Indeed, sequence analysis of the full length PrP open reading frame
suggested an N-terminal signal for targeting to the ER and two poten-
tial sites for N-linked glycosylation in the C-terminal domain. In addi-
tion, the sequence revealed a hydrophobic domain of ∼20 residues and
a downstream amphipathic region. These elements were incorporated
together into a model of PrP as a double-spanning transmembrane pro-
tein in which the N- and C-termini were in the lumen79. Such a model
was supported by the initial analysis of PrP topology upon its in vitro
synthesis using wheat germ extracts and ER microsomes derived from
canine pancreas80.

The view of PrP as a transmembrane protein was very short lived.
It was quickly realized that when synthesized in a mammalian transla-
tion system (rabbit reticulocyte lysate) with pancreatic ER microsomes,
PrP was fully translocated across the membrane (similar to a secretory
protein, and hence the operational designation of this topologic form as
‘secretory’-PrP or secPrP)81. Furthermore, in cells, the protein was found
to be fully exposed on the extracellular surface, where it was discov-
ered to be tethered to the plasma membrane by a C-terminal glycolipid
anchor82. Thus, the original topology predictions and results from wheat
germ translation systems were largely ignored, presumed to be an ar-
tifact of using a plant-based system to analyze a mammalian protein.
Given the long-standing and widely held belief that each protein has a
single ‘correct’ final configuration, it was concluded that normal cellu-
lar PrP is a GPI-anchored cell surface glycoprotein. All other observed
forms were thought to represent either mistakes or artifacts (and hence,
irrelevant to normal PrP function). This is the view that generally persists
today.

Curiously however, the transmembrane form of PrP, while exagger-
ated in the wheat germ system (>80% of total PrP, depending on trans-
lation conditions), is nonetheless also observed (at an albeit lower level
of ∼5–10%) in the reticulocyte lysate system33. This topological hetero-
geneity had not been observed for any of numerous model secretory
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or membrane proteins that had been examined in the in vitro translo-
cation systems: not only were these other proteins made faithfully in
their predicted topology, but the same outcomes were obtained in the
wheat germ, reticulocyte, and cell culture systems. Furthermore, the
central hydrophobic domain of PrP that allows it to potentially span
the membrane was subsequently found to be extremely well conserved
across species83. These ∼20 residues are absolutely invariant in all
species including those as divergent as avians and reptiles (whose over-
all conservation is ∼40% identity)84,85. This highly conserved, albeit un-
usual feature that is required for a proportion of PrP to be made as a
membrane-spanning protein86 suggested an alternative explanation for
the transmembrane form. Perhaps the capability to make transmem-
brane PrP (at least under some conditions) may be both normal and
important for some aspect of PrP biology. Unfortunately, the lack of a
clear functional role for PrP made this hypothesis difficult to explore.
Furthermore, a related idea that transmembrane PrP could somehow
play a role in disease generally was not considered because at that time,
the much more dramatic observation of PrPSc accumulation suggested
a more obvious culprit.

However, several concurrent studies began to suggest that while
PrPSc formation was clearly associated with disease transmission, its
accumulation was not inherently toxic to neurons. The first hint was the
observation that when mice heterozygous for the PrP gene (PrP+/−)
were inoculated with prions, PrPSc accumulation followed a course very
similar to that observed in wild type mice (i.e., PrP+/+). Yet, the progres-
sion to clinical disease resulting from neurodegeneration was markedly
delayed87. This discordance between PrPSc and neuronal damage was
particularly dramatic in brain grafting experiments45 where PrP knockout
neurons appeared impervious to any adverse consequences of PrPSc

deposition. In parallel, the identification of the PrP gene made possi-
ble the discovery of a wide range of inherited PrP mutations that led
to familial forms of PrP-mediated disease59. Biochemical analyses of
tissue from such familial cases (e.g., as in Figure 16.2) suggested that
while some of them had accumulated PrPSc, others were surprisingly
devoid26−35. Such biochemical results were, over the course of several
years, corroborated by extensive transmission studies34−39. Thus, by
the mid-1990s, it was reasonable to consider the possibility that PrP-
mediated neurodegeneration could be caused by means other than
through PrPSc accumulation.

It was in the context of these studies that the question of the proxi-
mal causes of neurodegeneration was brought into slightly better focus.
A reconsideration of a possible role for the originally observed trans-
membrane form of PrP was stimulated by the discovery that at least
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one disease-associated mutation (A117V) and a disease-influencing
polymorphism (at codon 129) were in the highly conserved domain of
PrP predicted to form a potential transmembrane segment. How then
could one examine if and how this transmembrane form might play a
role in disease? First, in preliminary experiments, it was observed that
in fact, the A117V mutation influenced PrP biogenesis: a very subtle,
but reproducibly detectable increase in transmembrane PrP (from ∼5–
10% to ∼10–15%) was observed in translocation assays carried out in
reticulocyte lysates. Motivated by this in vitro observation, it was then
hypothesized that perhaps PrP-mediated neurodegeneration could be
caused by transmembrane PrP. Indeed, it had been observed for some
time that while PrPC is largely released from the cell surface by cleav-
age of its GPI anchor, PrPSc remained cell-associated even after GPI
anchor cleavage88. While this had many interpretations, one possibility
was that PrPSc is membrane anchored by another mechanism, perhaps
via a transmembrane topology. Unfortunately, the biochemical obstacles
to analyzing PrPSc precluded a direct examination of this hypothesis.

Therefore, a different tact was taken: mutations that favor or disfavor
the generation of the transmembrane form to different extents would
be expressed in transgenic mice lacking their endogenous PrP to ob-
serve the consequences, if any, for neurodegeneration. Using the in
vitro translocation assay, mutations (in or around the central hydropho-
bic domain of PrP) were assayed for their effect on topology. In the
course of these studies, it was realized that rather remarkably, there
was not one, but two transmembrane forms that were being generated33.
One spanned the membrane with the N-terminus in the ER lumen and
C-terminus in the cytosol, while the other was in exactly the reverse
orientation. These were dubbed NtmPrP and CtmPrP, respectively (see
Figure 16.3). Most of the mutations that increased the transmembrane
forms in these original studies seemed to preferentially increase CtmPrP
(ref. 33, 35), and hence for somewhat arbitrary reasons, this become the
form of interest while the NtmPrP form has thus far been poorly studied.

When expressed in transgenic mice on a PrP-null background, PrP
mutants that favor transmembrane forms of PrP (and in particular
CtmPrP) caused the development of neurodegenerative disease33,35.
Upon the compilation of several such mutants (that ranged from ∼10% to
∼50% CtmPrP generation, as compared to ∼5% for wild-type), it became
clear that there was a dose-response effect: the more heavily CtmPrP is
favored or the more highly expressed the CtmPrP-favoring transgene, the
earlier the development of neurodegeneration. Conversely, two different
mutations that reduce or abolish the ability to generate either of the
transmembrane forms did not lead to neurodegeneration33 (although
for reasons that are not yet clear, transgenic lines expressing these
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Figure 16.3. Depiction of the different topologic forms of PrP: secPrP, CtmPrP, NtmPrP,
and cyPrP. At present, there remains some uncertainty regarding whether cyPrP and
CtmPrP contain uncleaved signal sequences33,89−91. Although an uncleaved signal can
be detected on at least some CtmPrP and cyPrP chains when they are generated by
overexpression in cultured cells89,91, it is less clear whether this is also the case under
normal circumstances in vivo. Of these forms, secPrP and CtmPrP contain a C-terminal
GPI anchor and two N-linked glycans33,89 that are not found on either cyPrP or NtmPrP.

mutants proved more difficult to stably maintain). Thus, with the ac-
cumulated data from four different CtmPrP-favoring mutations and two
transmembrane-disfavoring mutations, each in multiple lines of trans-
genic mice at different expression levels, a very strong positive correla-
tion can be made between the ability to generate CtmPrP and neurode-
generative diseaes33,35.

Biochemical analyses of brains from these transgenic mice revealed
the presence of CtmPrP (ranging from ∼5–30% of total PrP) in those
lines that both expressed CtmPrP-favoring mutants and were prone
to neurodegeneration33. Again, a dose-response relationship was ob-
served between CtmPrP in brain and severity of the neurodegenerative
phenotype33,35, validating in many ways the in vitro translocation sys-
tems in which these mutants (as well as the transmembrane forms them-
selves) were first identified. In a particularly satisfying experiment, one
of the PrP constructs whose expression in mice led to neurodegenera-
tion was the human disease-associated A117V mutant35. Even more
remarkably, human tissue from such a patient contained detectable
amounts of CtmPrP, but not PrPSc (ref. 33). Indeed, this was one of the
genetic diseases that was particularly puzzling because it was caused
by a derangement in PrP, and yet was neither transmissible34 nor con-
tained PrPSc. Consistent with these original observations in humans,
transgenic mice with CtmPrP-mediated neurodegeneration lack PrPSc

(ref. 33, 35). In extensive attempts at transmission involving hundreds of
recipients, CtmPrP-mediated neurodegeneration was shown to be non-
transmissible35.
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These results established that inappropriate generation of CtmPrP,
even at only slightly elevated levels beyond wild type PrP, could result
in neurodegeneration without the obligate generation of either PrPSc

or infectious prions. Such a mechanism of PrP-mediated neurodegen-
eration was likely involved in at least two of the naturally occurring PrP
mutants leading to heritable disease (P105L, in addition to A117V, leads
to increased CtmPrP generation)31. With the finding of at least one mech-
anism by which an alteration of PrP cell biology (in this case, its initial
biogenesis at the ER) can cause disease, a more complicated ques-
tion was raised: what role if any does CtmPrP play in the pathogenesis of
transmissible diseases? Addressing this issue, which presently remains
unresolved, will be difficult and requires considerably more mechanistic
knowledge about the biology of CtmPrP. However, some potential insight
into this issue can be obtained from the experiments performed thus far.

To begin examining the potential role for CtmPrP in the neurodegener-
ation caused upon accumulation of PrPSc during transmissible disease,
the various lines of CtmPrP-altering transgenic mice were utilized in a
different way. In these experiments, the susceptibility of each of the
transgenic mouse lines to prion inoculation was assessed35. The logic
was that if CtmPrP was involved in the neurodegeneration caused by
PrPSc, then modulating the propensity for CtmPrP to be generated (by
either favoring or disfavoring it with mutations in the transmembrane do-
main) should influence the progression of disease. By contrast, if PrPSc

accumulation caused neuronal damage by mechanism(s) not involving
CtmPrP, then slight alterations in the ability to generate this form should
have no effect on disease. Put another way, the experiment aimed to
test whether in transmissible prion disease, the neurodegenerative phe-
notype correlated better with PrPSc accumulation or CtmPrP-generating
potential.

Despite numerous caveats and potential confounding variables, the
experiment yielded a surprisingly clear result: increased propensity of
PrP to be made in the CtmPrP form sensitized mice to developing neu-
rodegeneration during transmissible prion disease35. A particularly good
illustration of this effect can be seen when mice expressing the A117V
mutation (which very slightly favors CtmPrP) are compared to the �STE
mutation (which decreases, although does not completely eliminate the
generation of transmembrane forms of PrP). Here, the two lines of mice
express the transgene at equal levels in a PrP-null background. Upon
inoculation with prions, the A117V mice develop neurodegeneration in
less than 60 days, at a time when only a relatively small amount of
PrPSc has accumulated. By marked contrast, the �STE mice do not de-
velop signs of neurodegeneration for up to 350 days after inoculation. By
this point, PrPSc has accumulated to levels more than 5–10 times that
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observed in the A117V mice at the time they became ill. Mice express-
ing wild type PrP at comparable levels get sick at an intermediate time
of ∼100 days54. Hence, it appeared that the ability of PrPSc accumu-
lation to incite neurodegeneration is influenced by mutations that alter
the ability of host PrP to be made in the CtmPrP form35: the more easily
CtmPrP can be generated, the more potent the effect of PrPSc, while the
inability to generate CtmPrP seems to confer some degree of protection
from accumulated PrPSc.

One expectation from such a model relating CtmPrP to PrPSc accu-
mulation is that during the course of transmissible disease, the amount
of total CtmPrP should rise (since its elevated levels are what is pos-
tulated to be the cause of neurodegeneration). Examining this idea di-
rectly poses a substantial technical hurdle because during the course
of disease, the levels of PrPSc also rise dramatically. Since PrPSc at
later points of disease progression is very abundant, highly heteroge-
neous in its fractionation properties, relatively insoluble, and protease
resistant, the possibility of detecting small changes in CtmPrP seem slim.
Indeed, one would anticipate that only a small increase in CtmPrP would
be necessary to cause neurodegeneration given that some of the her-
itable disease mutations elevate CtmPrP only slightly. In an attempt to
circumvent such technical hurdles, double-transgenic mice expressing
PrP from two different species were employed.

In this experiment, mice expressing both mouse PrP and hamster
PrP were inoculated with mouse prions35. Given the species barrier to
transmission54, it was expected that only mouse PrPSc would be gen-
erated and accumulate. The hamster PrP, for which specific antibodies
exist, would serve as a ‘reporter’ for measuring CtmPrP. The question be-
ing asked was whether the accumulation of PrPSc (of mouse origin) leads
to some change in host PrP metabolism that results in increased CtmPrP
(measured by examining the hamster PrP ‘reporter’). Although indirect
in its approach, a slight (∼2–3 fold) increase in CtmPrP was detected35.
Indeed, based on the heritable mutations in both mice and humans, a
mere 2-fold increase in CtmPrP generation is potentially significant since
it is clearly sufficient to cause neurodegeneration33,35. Thus, a working
hypothesis, albeit based on indirect and complex experiments, is that
the increased generation of CtmPrP represents a step that is common
to several types of PrP-mediated neurodegenerative diseases including
the transmissible variety. One of the most important features of these
studies and this hypothesis is that it provides a toehold into at least one
direct cause of neurodegeneration, makes specific predictions about its
generality, and is readily testable (as discussed further in section 9).

We therefore feel that at the present time, the generation of CtmPrP
is perhaps the most specific and well-defined event in PrP cell biology
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that has been directly linked to causing neurodegeneration. Indeed it
remains the only proposed model that identifies a very specific neu-
rotoxic molecule (CtmPrP), delineates the site (the ER) and mechanis-
tic steps that can lead to its increased generation, demonstrates its
presence in vivo, and tightly correlates its elevated presence in both
experimental and naturally occurring PrP-mediated disease. Many of
the other potentially toxic molecules (such as various fragments of
PrP28−30,92,93, or incompletely defined misfolded forms94) and events
(such as PrPcrosslinking at the cell surface95, or increased PrP retention
in the ER91,96) that have been proposed as a cause of neurodegenera-
tion have yet to meet all (or in some cases, any) of these same criteria.
Until this is achieved, sufficiently specific hypotheses and precise exper-
imental tools cannot be generated to yet merit a serious consideration
of their proposed roles in prion disease pathogenesis.

16.8. cyPrP and the development
of neurodegeneration

Recently, a cytosolic form of PrP (cyPrP) has been discovered and
suggested to play a role in PrP-mediated neurodegeneration. In this
example, a specifically defined species of PrP has been identified,
demonstrated to at least be capable of causing neurodegeneration,
and mechanism(s) for its generation in vivo have been proposed based
on well-established cellular pathways90,97. Thus, while a role for cyPrP
in prion disease pathogenesis is even less established and more con-
tentious than for CtmPrP, sufficiently specific and testable hypotheses
have been formulated to merit its careful consideration (reviewed in
ref. 98).

The idea that PrP, which is normally co-translationally targeted to and
translocated across the ER membrane, can reside in the cytosol has
its genesis in Saccharomyces cerevisiae. It is ironic (and perhaps
meaningful) that just as transmembrane PrP was initially discovered
as a likely ‘artifact’ of expression in a heterologous wheat germ sys-
tem, cyPrP was also first noticed when expression of mammalian PrP
was attempted in the yeast system. In yeast cells, PrP appears to be
very inefficiently translocated into the ER, even when a native signal
sequence from the yeast Kar2 protein is used99. While this is perhaps
not very surprising, what led to further investigation was the finding that
the non-glycosylated, non-disulfide bonded, cytosolic PrP was prone to
aggregation, insoluble, and partially resistant to protease digestion90,99.
Although proteins in the wrong cellular compartment of a non-native or-
ganism are often misfolded, the superficial resemblance between PrP
aggregates in the yeast cytosol and PrPSc in mammalian prion disease
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provided the basis for a provocative hypothesis90,99: perhaps even in
mammalian cells, PrP in the cytosol could be the origin for the initial
generation of PrPSc.

This hypothesis then raised the important questions of whether in
mammalian cells, PrP (or disease-associated mutants) can ever reside
in the cytosol, and if so, what relevance this would have for either PrPSc

formation or disease pathogenesis. The issue of whether PrP can po-
tentially reside in the cytosol was initially addressed indirectly by demon-
strating that in cultured cells overexpressing PrP, a small proportion of
it was degraded by a pathway that could be inhibited by proteasome
inhibitors90,100,101. Thus, upon treatment of cells with such inhibitors,
an unglycosylated, presumably cytosolic form of PrP accumulated. This
form was found to be aggregation prone, insoluble in mild detergents,
and at least partially resistant to protease digestion. Hence, under the
appropriate conditions (overexpression and chronic proteasome inhibi-
tion), mammalian PrP could reside in the cytosol of mammalian cells.

Based largely on co-migration in SDS-PAGE with recombinant PrP
lacking a signal or GPI anchoring sequence, it was thought that cyPrP
had been subjected to processing by ER-lumenal signal peptidase and
GPI-anchoring machinery92. Thus, cytosolic PrP was suggested to have
originated from ER localized PrP that had failed to be properly folded92.
In this view, the well-established (albeit incompletely understood) ER-
associated degradation pathway102 was being utilized by PrP molecules
that had failed to meet the cellular quality control systems103 in the ER
lumen. It would then be retrotranslocated from the ER to the cytosol, deg-
lycosylated by cytosolic N-glycanase, and degraded by the proteasome
pathway. Hence, inhibition of the proteasome would cause accumula-
tion of the species to be degraded, thereby explaining the appearance
of cytosolic, unglycosylated PrP under these conditions.

The most compelling aspect of these studies, especially as it relates
to disease, was the observation that a disease-associated PrP mutation
(D178N) was found to a higher extent in the cytosol than wild type PrP
under both normal and proteasome-inhibited conditions90. The suppo-
sition, which remains largely untested at present, was that this mutation
was less likely to fold properly in the ER and therefore result in a higher
proportion of it utilizing the ER-associated degradation pathway. This
idea was especially attractive because it could potentially apply to many
if not all disease-associated PrP mutants to provide a common mecha-
nism for their adverse effects.

In order to provide support to these ideas, it was important to first
provide proof of principle for two important predictions of the hypothe-
ses linking cyPrP to prion diseases. First, if cyPrP is in fact involved
in the de novo generation of PrPSc and/or transmissible prions, better
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evidence was needed in addition to rather non-specific biochemical fea-
tures such as aggregation and protease resistance. And second, a role
for cyPrP in neurodegeneration cannot even be considered without at
least demonstrating that it can cause selective damage to neurons. The
first charge was approached by attempting to determine if the most
central feature of PrPSc, its self-propagation using host-encoded PrPC,
could also be demonstrated for cyPrP. In these experiments101, an initial
‘seed’ of cyPrP was initiated by transient treatment of PrP-expressing
cells with proteasome inhibitor. Then, the inhibitor was removed to de-
termine whether this seed of cyPrP could grow (i.e., propagate itself) by
recruitment of additional PrP molecules. Exactly such a phenomenon
was observed, and used to support the proposition that at least one
source of de novo PrPSc formation could be the cytosol101. Additional
support is provided by the finding that the D178N mutant has both in-
creased residence in the cytosol of cultured cells90 and spontaneous
PrPSc generation in human patients26,37.

At present however, it remains to be seen whether the cyPrP aggre-
gates are in fact transmissible and propagated when introduced into
animals. Furthermore, the controls for complete removal of the protea-
some inhibitor in the ‘seeding’ experiments were not particularly com-
pelling since an unrelated protein did not resume degradation (although
it did not accumulate like PrP)101. In addition, alternative interpretations
are possible in which the apparent propagation is due to continued inhi-
bition of the proteasome (at least partially) by the cyPrP aggregates in
a manner observed for other non-transmissible proteins104. And finally,
artifacts of overexpression in heterologous systems have also been sug-
gested as an explanation91. Thus, while one interpretation of the data
involves the spontaneous conversion of cyPrP to PrPSc in the cytosol,
this remains unproven. However, the idea is readily testable by the appro-
priate infectivity assays using both cell culture derived cyPrP aggregates
as well as material from brain tissue expressing cyPrP (see below).

The second prediction, that cyPrP is toxic to neurons, was demon-
strated directly when PrP was forced to be expressed in the cytosol
by removal of its N-terminal signal sequence (and C-terminal GPI an-
choring sequence). In both cultured cells of neuronal origin and certain
subsets of neurons in transgenic mice, forced expression of cyPrP re-
sulted in neurodegeneration97. Thus in at least some (but clearly not
all97,105,106) neurons under certain conditions, cyPrP can be detrimen-
tal. These results now provide sufficient key elements to propose a
testable framework for neurodegeneration in prion diseases involving
cyPrP97,99,101.

In this model, a small proportion of PrP is always transiently traf-
ficked through the cytosol prior to its rapid degradation by cytosolic
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proteasomes. This transient cytosolic population would be increased
with either mutations (as in the case of heritable disease) or alterations
the perturb the proteasome degradation pathway. Such perturbations
would be postulated to result from PrPSc accumulation, old age, or both.
If cyPrP accumulates above a certain threshold, it would not only cause
cell death, but aggregate into a form that has self-perpetuating capabil-
ity. This self-perpetuating aggregate, once released from the cell, would
recruit PrP from the surface of other cells to generate the observed glyco-
sylated PrPSc that is seen in prion diseases. While numerous questions
remain unanswered in this rudimentary framework, it, like the ideas cen-
tered around CtmPrP, draw heavily upon basic cell biological pathways to
make specific and testable predictions regarding their respective roles
in disease pathogenesis. Indeed, it is also quite plausible that the two
sets of ideas share a common mechanistic feature given that in both
models, a key feature involves exposure of at least a portion of PrP to
the cytosolic environment.

16.9. Testing the roles of CtmPrP and cyPrP
in prion disease

In section 16.6, (‘The importance of PrP cell biology’), we argued
that a quantitative and mechanistic understanding of PrP cell biology
may be the most productive way to identify facets of PrP metabolism
that have potential importance for prion disease pathogenesis. Through
such studies, we felt that insights and tools would be generated to allow
selective manipulation of these steps in PrP metabolism in vivo to test
the consequences for neurodegeneration. Where along this prescribed
path do the studies of CtmPrP and cyPrP stand, and what are the best
future directions?

At this point, the relatively easy part has been accomplished. Rather
drastic exaggeration of some facet of PrP metabolism with a fairly blunt
manipulation (such as deleting the signal sequence in the case of cyPrP)
has been used to cause disease in a whole organism33,35,97. By strik-
ing contrast, the far more difficult task will be to selectively reduce the
propensity for this same event in vivo to test its possible role during
prion infection and pathogenesis. Accomplishing this goal will either re-
quires tremendous luck, or a significant degree of mechanistic insight
into the molecular pathways involved in the respective aspects of normal
PrP cell biology. For example, reducing the propensity for PrP to ever be
in the cytosol would need sufficient insight into the pathways by which
it is routed there normally so that one could selectively modulate this
event. Such modulation is required to rigorously test whether the ability
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of PrP to be in the cytosol is important for the cell death that occurs
during PrPSc accumulation. Such experiments would also help examine
the (non mutually exclusive) proposal that PrP in the cytosol is actually
protective during prion disease105,106.

It should therefore be clear that in order to productively move forward
in the CtmPrP and cyPrP fields, two directions merit a high priority at
the present time. First, the pathways for the generation, trafficking, and
degradation of these molecules needs to be understood in mechanis-
tic detail. Second, and of slightly lower initial priority, the interactions
between these molecules and specific cellular pathways needs to be
defined. During the course of these studies (particularly the first aim),
valuable tools will emerge with which to selectively modulate the syn-
thesis, metabolism, or function of CtmPrP and cyPrP. Such tools can then
be applied to precisely probe the complex problem of neurodegenera-
tion during prion disease pathogenesis. Little progress has been made
towards the second aim; the proteins that interact with either CtmPrP or
cyPrP, the pathways they influence, or the way in which they cause cell
death all remain totally unknown. Fortunately, mechanistic studies of the
biogenesis of CtmPrP (and to a lesser extent, cyPrP) have begun to yield
some insights which should facilitate their modulation in vivo.

After recognizing that PrP can be made in at least three distinct topo-
logical forms33 (four if one includes cyPrP), a framework was needed to
understand how a single polypeptide could acquire multiple outcomes
during its synthesis at the ER. A key realization was that the topologic
forms (see Figure 16.3) differ in two important ways. The first is the lo-
cation of the N-terminus: either in the cytosol (as for cyPrP and CtmPrP)
or in the ER lumen (secPrP and NtmPrP). The second is whether the cen-
tral hydrophobic domain becomes membrane integrated (NtmPrP and
CtmPrP) or not (secPrP and cyPrP). Each of the four combinations of
these two ‘decisions’ describes uniquely each of the four topologic out-
comes (schematically depicted in Figure 16.4A). For example, secPrP
results from the decision to have the N-terminus translocated into the
ER lumen, and a decision to not integrate the potential transmembrane
domain into the membrane. In this model, heterogeneity at one or both
of these decisions would lead to the generation of multiple topologic
forms of PrP (see Figure 16.4B). Thus, to understand the basis of PrP
biogenesis, it is crucial to decipher the mechanism by which these two
decisions are made and regulated by the cell.

To begin addressing this issue, a mutational analysis was carried out
to determine which domains of PrP are involved in localization of the
N-terminus and membrane integration107. These experiments revealed
that localization of the N-terminus (cytosol versus ER lumen) is influ-
enced largely by the N-terminal signal sequence. Mutations in the signal
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Figure 16.4. Schematic depiction of PrP topogenesis at the ER. Two decisions are
combined to determine the final topologic outcome for PrP. The two decisions and four
potential outcomes are depicted in chart format in Panel A and sequential order in Panel
B. The first decision involves the N-terminal signal sequence and determines whether
the N-terminal domain of PrP will be in the cytosol or ER lumen. The second decision
involves the potential TMD, and determines whether the protein will be integrated into
the membrane or remain soluble.

sequence could be identified which increase cytosolic localization (and
hence, increase CtmPrP and cyPrP relative to NtmPrP and secPrP) or in-
crease lumenal localization (and hence, decrease CtmPrP and cyPrP). By
contrast, the second decision regarding membrane integration is influ-
enced largely by the highly conserved potential transmembrane domain
(TMD). In this case, changes which (even slightly) increase hydrophobic-
ity of the TMD result in increased generation of the membrane integrated
forms (CtmPrP and NtmPrP) relative to the non-integrated forms (cyPrP
and secPrP). Thus, the signal sequence and TMD act together to allow
the potential generation of four distinct topologic forms of PrP.

Experiments analyzing serial intermediates of increasing nascent
chain length during PrP synthesis have revealed the sequential or-
der of events involved in the determination of PrP topology108 (Figure
16.5). These experiments demonstrated that the first step is targeting of
ribosome-associated PrP nascent chains to the ER. This step requires
a functional signal sequence, occurs by the time ∼50–70 amino acids
are synthesized, and presumably involves the well-characterized signal
recognition particle (SRP) and SRP-receptor pathway109. Targeting to
the ER appears to be essential for the generation of CtmPrP, NtmPrP, and
secPrP; in the absence of a functional signal sequence, PrP is made
exclusively in the cytosol108. After targeting, but before the TMD is syn-
thesized and emerges from the ribosome, there is a brief window of
time during which a particularly critical step takes place. During this
step, the signal sequence mediates the insertion of nascent PrP into
the ER translocation channel. This facilitates the subsequent transloca-
tion of the N-terminus into the lumen, a prerequisite for the generation
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Figure 16.5. A mechanistic depiction of the key steps during PrP biogenesis at the ER.

of secPrP and NtmPrP. For nascent polypeptides that fail to accomplish
this step in a timely manner, the N-terminus remains on the cytosolic
side of the membrane, although the ribosome-nascent chain complex
remains in close proximity to the translocon while the remainder of PrP
is synthesized.

As this key step is occurring, the TMD is synthesized and emerges
from the ribosome. If the N-terminus has already been committed to the
ER lumen, determinants in the TMD (primarily hydrophobicity) influence
the propensity of the chain to become membrane integrated (to gener-
ate NtmPrP) or fully translocated (to become secPrP). If, when the TMD
emerges, the N-terminus has not been committed to the ER lumen, the
TMD then has an opportunity to interact with the translocon and be-
come inserted into the membrane. Chains that insert in the membrane
become CtmPrP, while chains that do not can become cyPrP (if the N-
terminus is not translocated by the time synthesis is completed). Muta-
tional analysis suggests that one key determinant of this TMD-mediated
integration step that generates CtmPrP is hydrophobicity107,108,110. This
appears to explain the mechanism of increased CtmPrP generation for
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at least some disease-associated PrP mutants (e.g., A117V, P105L,
and most recently, G131V)31,34,111 that increase hydrophobicity of the
TMD.

Taken together, the results summarized in Figure 16.5 reveal several
important points. First, the key decisions that influence the outcome of
PrP biogenesis (with respect to topology) are made during the synthesis
of PrP (i.e., cotranslationally). Second, each step is influenced substan-
tially by interactions between the translocon and elements in PrP (the
signal sequence and TMD). Third, these interactions appear to occur
with only moderate fidelity, a feature that is critical to the generation of
topologic heterogeneity. And fourth, the strength of these interactions
can be changed by mutations in the signal or TMD to influence the out-
come of PrP topogenesis in predictable ways. These insights not only
provide a framework for understanding PrP topogenesis, but facilitate
the focusing of subsequent studies on the most important mechanistic
steps of potential relevance to disease pathogenesis.

In the case of CtmPrP and cyPrP, the critical step is now revealed to
be the signal sequence-mediated translocation of the N-terminus into
the ER lumen. The degree of inefficiency at this step determines the
percent of nascent PrP chains that have the opportunity to be made as
CtmPrP and/or cyPrP. Detailed analysis of this step has demonstrated
that it is surprisingly complex and involves several factors (Figure 16.6).
First, it is clear that signal sequences from different proteins carry out

Figure 16.6. A key branch point in the biogenesis of the different topologic forms of
PrP. Nascent PrP polypeptides at ER translocons can go down two pathways. The first
involves an interaction between the PrP signal and components of the translocon to
mediate translocation of the N-terminus into the ER lumen. This pathway is facilitated
by the Sec61 complex, the TRAP complex, TRAM, and ER lumenal chaperones such
as PDI. Following this pathway is a prerequisite for the generation of secPrP or NtmPrP,
both of which have their N-terminus in the ER lumen. If this pathway is not followed, the
N-terminus is not successfully translocated into the lumen, and remains in the cytosol.
The can lead to the generation of CtmPrP or cyPrP. This is the default pathway taken
by PrP when the minimal translocon composed only of the Sec61 complex is available.
Thus, a combination of features encoded in the nascent chain (e.g., the signal sequence)
and accessory components of the translocon (such as TRAP and PDI) determine the
amount of potentially cytotoxic forms of PrP (e.g., cyPrP and CtmPrP) that are generated.
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this step with markedly different efficiencies112,113, with the PrP sig-
nal being roughly ‘average’ in this respect. Second, this step involves
interactions between the signal sequence and the central component
of the translocation channel, the Sec61 complex114. Third, the signal-
translocon interaction appears to be influenced by at least two proteins
termed TRAM115,116 and the TRAP complex117. Fourth, not all signal
sequences require TRAM and TRAP for efficient function; while most
(including PrP) require at least one of these two complexes, a very small
proportion of signal sequences can function well without either114−117.
And finally, the availability of ER lumenal chaperones appears to influ-
ence translocation118,119, particularly of PrP (our unpublished observa-
tions). Although it is not know which chaperones are most important,
crosslinking studies indicate an interaction between the N-terminus of
PrP and protein disulfide isomerase (PDI) at early steps during PrP
translocation108.

Thus, avoiding the generation of CtmPrP and cyPrP requires the
collective action of numerous determinants that include the signal se-
quence, Sec61 complex, TRAP complex, ER lumenal chaperones, and
potentially yet unidentified factors. Conversely, when PrP is synthesized
using proteoliposomes containing only the absolute minimal transloca-
tion machinery (composed of the SRP-receptor and Sec61 complex),
essentially all of the polypeptides are made as either CtmPrP and cyPrP
(ref. 120). One of the few signal sequences capable of utilizing this min-
imal translocon efficiently comes from the protein prolactin114−117. All of
this assembled information on the key steps of CtmPrP and cyPrP synthe-
sis now provides useful tools that can be used to modulate generation
of these forms in vivo. For example, one can envision modulating the
activity or expression levels of key factors such as the TRAP complex
or PDI to influence PrP topogenesis.

Even simpler, at least initially, would be to modify the PrP signal se-
quence to alter its activity. Indeed, simply replacing the PrP signal with
the prolactin signal substantially increases the efficiency of N-terminal
translocation, and consequently, decreases generation of CtmPrP (and
as demonstrated in more recent unpublished experiments, cyPrP)112,113.
Remarkably, this manipulation is so effective that, when assayed in
vitro, it can totally reverse the increased CtmPrP caused by disease-
causing mutation in the TMD108. Such a manipulation is very valuable
because it now allows the testing of hypotheses relating the ability to
generate CtmPrP (or cyPrP) to their proposed roles in heritable and trans-
missible disease. Importantly, the mature domain of PrP is not changed
by such changes; only the relative amounts of its topologic forms. Sev-
eral important ideas, discussed in earlier sections of this chapter, can
and should be tested.
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First, can the neurodegenerative phenotype of an otherwise disease-
causing mutation (such as A117V) be pre-emptively avoided by increas-
ing the efficiency of signal sequence-mediated translocation of the N-
terminus? That is, is the neurodegeneration associated with the A117V
mutation due to increased CtmPrP generation, as is currently hypothe-
sized, or to some other effect of this mutation? Second, does reducing
generation of cyPrP during its translocation completely preclude genera-
tion of cyPrP in vivo? Here, the question is whether the majority of cyPrP
is generated due to inefficient translocation, as has been suggested, or
due to inefficient maturation in the ER followed by retrotranslocation?
By eliminating one potential source (due to translocation), the contri-
bution of the other potential source (due to retrotranslocation) can be
isolated. Such an experiment will also allow the testing of a related hy-
pothesis: do disease-associated mutations (such as D178N) result in
increased retrotranslocation from the ER due to less efficient matura-
tion? And finally, does reducing the propensity to generate CtmPrP or
cyPrP reduce susceptibility to neurodegeneration upon accumulation of
prions and PrPSc? This is a key prediction of both the CtmPrP and cyPrP
frameworks, and can now be tested.

In general, testing each of these ideas will require relatively long term
experiments involving the generation of suitable transgenic mice. How-
ever, a relatively high degree of confidence in the productiveness of such
an approach is warranted by the in vitro analysis suggesting that the
manipulations are selective and make specific predictions. In the case
of cyPrP, where cell culture assays for its generation and accumulation
(in the presence of proteasome inhibitors) have been developed, some
of these hypotheses can also be examined in culture. Here, the results
are striking. Simply increasing the efficiency of N-terminal translocation
nearly completely eliminates cyPrP generation, even under conditions
of prolonged proteasome inhibition (our unpublished results). This sug-
gests that in cultured cells under normal conditions, little if any cyPrP
is generated by the ER misfolding and retrotranslocation pathway. The
consequence of avoiding cyPrP generation is increased resistance to
PrP aggregate formation during proteasome inhibition and an accom-
panying resistance to cell death (our unpublished results). This illus-
trates the utility and power of a quantitative cell biological approach to
understanding otherwise subtle, but potentially important aspects of PrP
metabolism. It will now be of great interest to learn the results of cur-
rently ongoing transgenic mice studies in which the generation of CtmPrP
and cyPrP have been modulated. Will such manipulations influence the
neurodegenerative phase of transmissible prion disease, and if so, how?

As more mechanistic insight is gained into each of the many other
steps of PrP biosynthesis and metabolism, yet additional hypotheses
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and tools will be generated. These insights should be useful not only
for the understanding of PrP biology and the diseases with which it
is associated, but also for uncovering novel cell biological principles.
In analogous fashion, another idea with roots in PrP biology and dis-
ease, that of information transfer mediated by protein elements, is now
known to be far more generally applicable in other organisms and bio-
logical systems121,122. In fact, although not emphasized in this chapter,
the studies on PrP biogenesis have helped identify functions for novel
factors in protein translocation (e.g., the TRAP complex)117, revealed
the complexity and heterogeneity of signal sequences112,113, and iden-
tified the protein translocon as a potential site for cellular regulation123.
In the broader sense, the apparently unusual features of PrP (such as
its ability to be made in multiple forms) may be a far more general but
unappreciated area of cell biology.
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Chapter 17

CONCLUSION: INTERVENTION,
THE FINAL FRONTIER

David R. Brown
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The chapters of this book cover large areas of the research into prion
diseases. The focus of this book is specifically on neurodegeneration,
the central pathological hallmark of prion diseases. Much of what has
been covered does not specifically address a “mechanism” and hence
could be considered not directly relevant to the cell death mechanism.
This would be an unfortunate thing. Cell death does not occur outside
of the cellular environment. Furthermore, in this particular group of dis-
eases, cell death is closely linked with aberrations in protein folding and
metabolism. In a sense, neuronal death in the brain of a CJD patient
does not occur because of a toxic insult or from failure of blood supply
or exposure to cellular contents as in ischemic death in stroke. It is the
result of an uncontrollable cascade of events resulting from the misfold-
ing of a single protein. Many similarities have been drawn to Alzheimer’s
disease because in that disease there is also the deposition of an abnor-
mal protein, the beta-amlyloid protein. Although there are similarities, not
all amyloidogenic diseases are the same, as some misinformed casual
observers might suggest. First, there is a considerable body of evidence
from a variety of sources to suggest that beta-amyloid is not involved in
the neuronal death occurring in Alzheimer’s disease and the protein is
but a “tomb stone” marking the site of abnormal metabolism that might
have a causative role. Second, the amyloid protein that is generated
is the result of the change in a metabolic breakdown product of the
amyloid precursor protein. Finally, the likelihood of getting Alzheimer’s
disease increases with age. In other words the perturbations that occur
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resulting in Alzheimer’s disease pathology result from part of the aging
process and are quite common. Alzheimer’s disease claims a million
people each year while prion diseases are only the cause of one death
in a million. Therefore, the biology of the prion protein, and the progress
of the disease and the many changes that result because of the disease
in the brain of an animal or insights from in vitro models are all essential
parts of the bigger puzzle that once solved might answer the question
of what causes neuronal death in prion diseases.

As molecular techniques develop perhaps further insights into the dis-
ease mechanism will be found. The current standpoint is that when prion
protein expression is switched off during disease, cell death is halted. At
one level this merely confirms what was found from cell culture studies
ten years ago. At another level it is such a powerful confirmation of that
finding that the direct role of PrPc expression in the toxic mechanism
cannot be ignored. Similarly, lack of expression of PrPc as the cause of
cell death can be eliminated because of the variety of transgenic mod-
els that have shown lack of expression does not cause spontaneous cell
death. This is probably because of compensatory mechanisms causing
upregaulation of other proteins or molecules that can substitute for PrPc

functionally. In contrast, loss of the function of PrPc while the protein
is still being express is emerging as a strong candidate for an aspect
of the toxic mechanism. Inhibition of the the function of PrPc can come
about two ways, either by the conversion of the protein to PrPSc or by
inhibition due to interaction with PrPSc or another molecule. The con-
sequences of this “direct effect” are in need of further study and are
tightly linked with research to develop our understanding of the func-
tion of PrPc. This loss of function is also not sufficient for cell death in
prion disease. Mice expressing mutant proteins lacking the octameric
repeat region or other elements do not show any significant neuronal
loss. Therefore, loss of function of PrPc does not cause neuronal death
in prion disease.

Altering the structure or length of PrPc does cause neuronal death.
Expression of truncated PrP molecules in transgenic mice cause neu-
ronal death. This cell death is not necessarily like that seen in prion
disease but these results do highlight the potential for PrP to be directly
toxic to neurones. Indeed, deletions are not necessary for this effect as it
has also been shown that some point mutation can cause a phenotype in
mice that leads to spontaneous neuronal loss. Some researchers have
suggest that these point mutation alter the protein to have a transmem-
brane orientation. However, other evidence, especially from cell culture
studies suggest that the protein is not be correctly anchored to the cell
membrane and remains trapped in the endoplasmic reticulum. Expres-
sion of proteins in the wrong place or “ectopically” can also cause cell
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death and overexpression systems for PrP are also likely to have similar
effects. This has been observed for the homologue of PrP, doppel. Ex-
pression of doppel in the brain, especially in the absence of normal
PrPc expression, results in the death of neurones. Once again, this in
not prion disease and there appears to be no role of doppel in any prion
disease cell death mechanism.

Although some researcher still pursue the hypothesis that cell death
in prion disease is not linked to direct or indirect effects of, the vast
majority of evidence suggest that it is, or at least that a PrP molecule
of some form is involved. Therefore, most of the current and future re-
search is likely to focus on exactly how PrP causes neuronal death. The
many approaches in the present book show the wide variety of ways
this has been pursued. As mention in the introduction, the relevance of
a lot of this research is one of inference and background rather direct
observation of phenomena or mechanism causally related to the death
of neurones. This is a necessary and important thing as it provides a
more realistic view of the whole biological event of “prion disease”. It is
also far superior to a disturbing current trend in much of the literature.
This trend involves researchers identify a “change” either in the expres-
sion of a particular protein or a signalling pathway and then stating that
this is directly related to neuronal death. This is purely wishful thinking
and often plainly illogical. Any event can have multiple consequences.
In biology the event may cause cell death but the consequences of
the multi-step pathway from initiation to final cellular destruction are
likely to be vast in number. Additionally, the event of prion disease may
have the consequence of neuronal death but that pathway leading to
death is only one consequence of prion disease. There are likely to be
a multitude of biological consequences that are totally unrelated to the
cell death observed. Therefore insistence that altering the expression of
a protein has consequences for neuronal death are meaningless until
it is shown that inhibiting that change, specifically, decreases cell
death.

The emerging picture for many neurodegenerative diseases is that the
mechanism of cell death is multi-factorial. This is probably a simplistic
way of saying that a lot is going on during cell death and there is no
salient characteristic that can be targeted. On the other hand, when a
number of factors are involved then, potentially, diminishing one of them
might aid neuronal survival. This, unfortunately, is of no potential benefit
to the disease sufferer. In prion disease, diagnosis before death is still
so poor that neurodegeneration is already highly advanced before a
potential treatment could be applied. Although arresting cell death in
a patient who is practically already permanently brain damaged might
be of clinical interest, it is of little practical use. This has, sadly, been
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Figure 17.1. The pathway leading to cell death. Identification of the targets for inter-
vention is necessary to produce a strategy for treatment. The steps in this pathway
coincide with the targets for intervention.

the case for all attempted treatments of CJD to date. Diagnosis is still
very difficult and is likely to remain so even when better diagnostic tests
are available, for the simple reason that the primary symptoms of the
diseases are very similar to a huge range of neurological conditions. This
pessimistic scenario does not detract from the need to find an effective
treatment for these diseases.

The understanding of neurodegeneration in prion disease is suffi-
ciently advance for consideration of strategies to inhibit cell death to be
possible. The most straightforward way to develop such a strategy is
to identify cellular targets where intervention could arrest or inhibit cell
death. The chapters in this book contain much information that allows
these targets to be identified.

These events constitute the direct effects of toxic PrP forms to neu-
rones. The various events that signify these points of intervention can
be summarised as follows:

1. Formation of the abnormal PrP protein.
2. Interaction of the abnormal protein with cells.
3. Entry of the protein into the cell (uptake)
4. Possible involvement of the host protein either as a site at which

the abnormal protein binds or as a substrate to form the abnor-
mal protein.

5. Loss of functional cellular prion protein.
6. Initiation of cell death mechanisms—signalling cascades

Other factors may also be involved which could be targets for inter-
vention. These include possible oxidative stress generated in the brain
or the interaction of the abnormal protein with cells such as microglia
and astrocytes that have been suggested to be involved in the cell death
mechanism. The latter targets would be those considered to be “indirect”
in that they are not a result of the effect of the protein directly on the
cell fated to die. However, such a description is rather a misnomer as
even the so called “direct” effects must be mediated by proteins or other
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molecules. As a neurone cannot survive in the brain in the absence of
the support cells then this distinction between direct and indirect effects
is ludicrous. Indeed, oxidative stress is something that happens to cells
all the time. The ability of the cell to respond and deal with the stress
is the single factor that determines whether this stress will kill the cell.
Oxidative or stressing substances can also be generated by neurones
as well as glial cells as a result of prion disease and these substances
could then initiate death of neighbouring neurones. In other words the
complexity of the system precludes simplistic descriptions of cellular
responses to their environment.

In the case of prion disease and probably most forms of neurodegen-
eration the neurone cannot be considered separately from its cellular
environment. The clearest demonstration of this is in the chapter by
Liberski and Ironside describing the intricate changes to the pathology
of the brain in the many different forms of prion diseases. As these
changes are complex and vary between different types of TSEs and
even between different strains of the one disease, then it is very likely
that the cause of neuronal death may differ as well. Identification of
underlying causes common to all the forms is also likely. Despite the
insistence of some, it is unlikely that these causes will be easily defined
as direct or not or would even need to be.

Strategies that deal with the neurone and changes to it are most
likely to deal effectively with the changes to neurones. However, strate-
gies that don’t include consideration of the cells environment are only
likely to temporarily abate any ongoing neuronal death. Once glial
cells in the brain are activated, generating known inflammatory cy-
tokines, oxidative substance or causing a relative increase in the level
of toxic glutamate, neuronal death is likely to continue as a result of
these changes, independently of any changes specific to prion disease.
Targeting neurones as the point of intervention is only likely to have
long term preventive consequences if the intervention occurs before the
cascade of events involves intercellular changes such as neuronal-glial
interactions.

Strategies to be investigated to inhibit cell death include the following:

1. Create agents that remove PrPSc or abolish its formation
2. Block PrPSc interaction with cells.
3. Temporarily switch off expression of PrPc. Requires analysis of

factors that regulate the levels of PrP expression.
4. Map the intracellular signalling pathways that lead to neuronal

death. Then use agents which inhibit cell death through the iden-
tified pathway.

5. Prevent changes to cells resulting in loss of PrPc activity
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The investigation of these possibilities remains. Developing an effec-
tive means of intervention remains the final frontier for prion diseases.
Although many of us will cross to the unknown country before this occurs,
it is likely that in the generations to come prion disease will meet its own
nemesis. In terms of the voyage home to this end, the contents of this
book amply demonstrate that we have at least made first contact with
this possibility.
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altered circadian rhythm in, 170
demyelination in, 172
gliosis in, 172
learning/memory and synaptic plasticity in,

169
normal embryonic development of, 169
Purkinje cell degeneration in, 170–172
targeting strategies used in, 168

neuronal apoptosis
ER stress involvement in, 328
pathways controlling, 322–323

neuronal cell death
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Alzheimer’s disease; Huntington’s
disease; TSEs

electrophysiology, 141, 157
ER Stress involvement in, 330

PARP, 64
PAS, 21
pathogen

prion, 13–14
virino, 13–14

pathogenesis, prion disease
central prion disease pathogenesis,

49–52
prion protein misfolding, 320
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PrP106-126, 219, 225
PrP169-185, 225
PrP178-193, 224

synthetic amyloid. See synthetic amyloid
peptides
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poly(ADP-ribose) polymerase. See PARP
polyanionic sulfonated glycans, 391
polyene antibiotics, 391–393
potassium channels, calcium-activated,
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scrapie-infected tissue and cells, 146

synaptic potential
excitory, 147, 148
inhibitory, 147
LTP, 144, 146–147, 151–152
STP, 146

synaptic properties
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tubulovesicular structures. See TVS
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tunicamycin, 326
TVS

biochemistry of, 28
BSE, 25
CJD, 25–28
FFI, 26
GSS, 25–27
topology of, 27
TSE, 25, 27
vacuolation and astrocytosis, 27–28
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