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ABSTRACT. Transmissible spongiform encephalopathies (TSEs) are caused by an infectious agent that is
thought to consist of only misfolded and aggregated prion protein (PrP). Unlike conventional micro-
organisms, the agent spreads and propagates by binding to and converting normal host PrP into the
abnormal conformer, increasing the infectious titre. Synthetic prions, composed of refolded fibrillar forms
of recombinant PrP (rec-PrP) have been generated to address whether PrP aggregates alone are indeed
infectious prions. In several reports, the development of TSE disease has been described following
inoculation and passage of rec-PrP fibrils in transgenic mice and hamsters. However in studies described
here we show that inoculation of rec-PrP fibrils does not always cause clinical TSE disease or increased
infectious titre, but can seed the formation of PrP amyloid plaques in PrP-P101L knock-in transgenic mice
(101LL). These data are reminiscent of the “prion-like” spread of misfolded protein in other models of
neurodegenerative disease following inoculation of transgenic mice with pre-formed amyloid seeds.
Protein misfolding, even when the protein is PrP, does not inevitably lead to the development of an
infectious TSE disease. It is possible that most in vivo and in vitro produced misfolded PrP is not infectious
and that only a specific subpopulation is associated with infectivity and neurotoxicity.
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NATURE OF THE TSE INFECTIOUS
AGENT

TSEs (or prion diseases) are a unique group
of neurodegenerative diseases, including scrapie
in sheep, chronic wasting disease in deer, bovine
spongiform encephalopathy in cattle and Creutz-
feldt Jakob disease in humans. Unlike other neu-
rodegenerative diseases, TSEs are infectious,
and can be spread directly between animals in
the field, or indirectly by oral, intravenous and
peripheral routes of exposure. The infectious
agent responsible for TSE is unlike any

conventional micro-organism, and has been
named a “prion”.1 It is thought to be composed
solely of a misfolded and aggregated conformer
of the host encoded glycoprotein PrP (prion pro-
tein). The Prion Hypothesis predicts that this
abnormal conformer (PrPSc) propagates by bind-
ing to and converting normal cellular PrP (PrPC)
into the abnormal conformer, increasing the
infectious titre.2 Deposition of PrPSc in the form
of diffuse aggregates or amyloid plaques can be
identified in infected tissues by immunohisto-
chemical analyses of infected brain, spinal cord,
spleen or lymph node. Following incubation of
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tissue homogenates with proteinase K (PK),
PrPC is totally digested, but PrPSc is only par-
tially digested leaving a PK resistant core of
27–30kDa (PrP 27–30, or PrP-res), and can
therefore be identified by immunoblot. PrP-res
is thought to be the transmissible agent that
causes clinical TSE, however some studies have
indicated that there are both PK-resistant and
PK-sensitive forms of PrPSc which may be asso-
ciated with TSE infectivity.3 In this manuscript
we use the term “PrPSc” to encompass all abnor-
mal forms of PrP that are associated with TSE
disease, and “PrP-res” to specifically refer to
PK-resistant PrP. Due to the current use of the
term “prion” (discussed later) we also use the
term “TSE” to specifically describe cases of
infectious transmissible spongiform encephalop-
athy, and “prion” as a more general term for
templated protein misfolding.

Early studies showed a correlation between
the presence of PrPSc and infectivity in hamster
brain tissue.4 However, subsequent studies in
our laboratory and by others have shown that in
several cases of disease there is a dissociation
between levels of PrPSc and TSE infectivity,5,6

questioning the true nature of the infectious
agent. In our laboratory we have been studying
the nature of TSE infections associated with
the P102L mutation in human PrP (P101L in
mice) which is linked with the development of
the human familial TSE, Gerstman-Str€aussler-
Scheinker disease (GSS). P102L GSS is
thought to arise spontaneously in humans due
to the presence of the mutation and is not asso-
ciated with an exogenous infectious agent. The
disease in humans also presents with two differ-
ent phenotypes, both linked with the same
P102L mutation and codon 129 genotype
(129M).7 Classical P102L GSS displays PrP
deposition, spongiform degeneration and PrP-
res with all three glycoforms by immunoblot-
ting. Atypical P102L GSS shows more
restricted pathology, with no spongiform
degeneration, PrP deposition mainly in the
form of amyloid plaques, and often following
PK digestion, only an 8kDa PrP fragment can
be identified by immunoblotting. Tissues from
P102L GSS cases have also been difficult to
transmit in animal models, questioning whether
infectious TSE agents were present. We were

interested in why two different disease profiles
were linked with a single mutation in PrP, and
performed transmission experiments using
PrPSc preparations from both human pheno-
types into PrP knock-in mice expressing the
equivalent mutation in murine PrP (101LL).8

These mice were produced to model P102L
GSS, but did not show clinical signs of TSE or
develop any abnormal PrP aggregates in the
brain during their lifespan.9 Inoculation of clas-
sical P102L GSS produced clinical signs
(ataxia, hind limb paralysis and kyphosis) and
pathological signs (spongiform degeneration,
and limited PrP deposition) of TSE in 101LL
mice (but not wildtype mice), confirming the
presence of an infectious transmissible agent in
P102L GSS tissue. Disease could then be trans-
mitted from brain tissue of sick 101LL mice to
both 101LL and wildtype mice. However the
majority of animals inoculated with atypical
P102L GSS (21/22) remained healthy with no
clinical signs of TSE and were culled due to
old age (up to 814 days post inoculation). No
disease was transmitted on subpassage from
these mice.8 When brain tissue from both
groups of mice was examined we observed lit-
tle or no PrP deposition by IHC, and very low
levels of PrP-res by immunoblot in animals
that were inoculated with classical P102L GSS
and developed clinical TSE. Conversely, sev-
eral 101LL mice that received atypical P102L
GSS and lived full lifespan showed (by IHC)
large PrP amyloid plaques had formed in the
corpus callosum and hippocampus.8 In both
cases, the presence of PrPSc did not correlate
with the infectious status of the tissue (as dem-
onstrated by subpassage). Although atypical
P102L GSS did not transmit disease efficiently
(1/22) to mice bearing the same mutation in
PrP, disease transmission has recently been
shown in bank voles.10 Transmission to only
one 101LL mouse in our study suggests low
titre of infectious agent, or the presence of a
transmission barrier. However the bank vole
transmission confirms that atypical P102L GSS
tissues do harbour TSE infectivity, and can
cause disease in an appropriate host where the
agent/strain interaction favours propagation of
infectivity. Although the reasons for the appar-
ent universal susceptibility of bank voles to all
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TSE agents are still unclear, these data do sug-
gest that different isoforms or conformers of
abnormal PrP present in P102L GSS tissues
may be responsible for infectivity (in a suscep-
tible host) and for amyloid plaque seeding. The
true nature of the TSE agent is therefore far
from certain. If PrPSc and infectivity do not cor-
relate in all cases of TSE, it suggests that
“PrPSc” in general is not the infectious agent,
and that a specific subpopulation of misfolded
PrP may instead be infectious and responsible
for TSE disease.

SYNTHETIC PRIONS

Our data in the 101LL mice show that it is
possible to misfold PrP and form amyloid pla-
ques in the brain without TSE disease or TSE
agent replication. This phenotype was produced
following inoculation with atypical P102L
GSS8 and also brain homogenate from GSS22
mice overexpressing P101L PrP.11 These mice
express 12x the normal level of 101L PrP, and
develop a neurological phenotype at 150–
300 days of age that is neither consistent
between animals nor consistent with clinical
signs of TSE disease according to experienced
animal scorers.11,12 They do however show
abundant PrP amyloid plaques in the brain.13

We therefore hypothesised that the amyloid
fibrils present in both inocula were responsible
for inducing plaque formation in the recipient
101LL brain. This would indicate that amyloid
fibrils were not the TSE infectious agent, but
could template misfolding of host PrPC. In
order to test this hypothesis, we inoculated
101LL and wildtype mice with a source of pure
PrP amyloid fibrils.14 This allowed us to test
the ability of amyloid fibrils to induce PrP mis-
folding in the absence of any other factors pres-
ent in the material prepared from brain
homogenate. Recombinant 101L and wildtype
mouse PrP were expressed in E. coli, purified
and refolded into a-monomeric, b-oligomeric
and amyloid isoforms using techniques which
were most appropriate at that time (described
in.ref 14) These different PrP isoforms were
then inoculated intracerebrally into groups of
101LL and wildtype mice (Fig. 1). Several

other research groups have previously
described the production and re-folding of
recombinant PrP into a fibrillar conformation,
which is claimed to create a “synthetic
prion”.15-18 Generation of de novo synthetic
prions is seen as the absolute proof of the Prion
Hypothesis. Such preparations have been inoc-
ulated into mice which were shown to develop
TSE disease, and replicate TSE infectivity.15-18

Published data are difficult to compare as each
laboratory has used different refolding condi-
tions, different PrP sequences and different
recipient mice. However in general, no disease
is seen following primary inoculation of these
synthetic prions, but neurologic disease is often
generated on subpassage, suggesting low titre
of prions in the initial inoculum, or a selection
and amplification of a specific conformer or
aggregate from the primary inoculum. In our
laboratory, fibrils produced from both 101L
and wildtype PrP using our methods also failed
to produce neurologic disease on primary inoc-
ulation of 101LL and wildtype mice. In contrast
to other studies, we failed to produce TSE dis-
ease on subpassage of brain tissue from these
mice.14 Our data indicated that using these spe-
cific refolding conditions, fibrils produced from
both 101L and wildtype PrP did not contain
TSE infectivity. However, on pathological
analysis of all animals following cull, large PrP
amyloid plaques were observed in 10/21
101LL mice inoculated with wildtype PrP
fibrils, and 14/19 101LL mice inoculated with
101L PrP fibrils (Fig. 1). This phenotype was
maintained on subpassage in 101LL mice.14

Importantly, plaques were induced by inocula-
tion of both wildtype and 101L rec-PrP fibrils,
indicating that the amyloid structure of the
inoculated fibril and not the primary PrP
sequence was responsible for plaque formation.
No plaques were observed in wildtype 129/Ola
mice that received the same inocula, or any ani-
mals that received a-monomeric or b-oligo-
meric PrP isoforms. No spongiform
degeneration was observed in any of the inocu-
lated animals. Our data therefore show that in
contrast to other reported studies of synthetic
prions, inoculation of refolded rec-PrP fibrils
does not always lead to TSE disease, and that
instead, PrP amyloid plaques can be seeded in
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brain tissue in what appears to be more akin to
a proteinopathy than TSE.

PRION-LIKE TRANSMISSION IN
OTHER ND

Recently it has been shown that several other
neurodegenerative diseases associated with
protein misfolding may spread within an organ-
ism by a “prion-like” mechanism. Inoculation
of pre-formed amyloid seeds from patients with
Alzheimer’s disease (AD), or aged transgenic
mice expressing human amyloid precursor pro-
tein (APP) was shown to accelerate the forma-
tion of Ab plaques in the brains of APP
transgenic mice.19 Similar results have been
obtained from models of Parkinson’s disease
(PD),20 amyotrophic lateral sclerosis (ALS) 21

and Tauopathies.22 The introduction of a mis-
folded protein seed increased the recruitment
and misfolding of normal host protein, leading
to the spread of protein aggregation in the tis-
sue. Similarities with the proposed mechanism
of agent propagation in TSE (or prion) disease
led to the use of the term “prion-like” and even

to suggestions that, as these proteins were
“prions”, all these diseases were potentially
infectious. Recently, studies examining archi-
val material from cases of iatrogenic Creutz-
feldt Jakob disease (iCJD) that occurred
following the administration of pituitary-
derived human growth hormone,23 or dura
matter grafts,24 have also shown the probable
seeding of Ab plaques. However despite the
formation of Ab plaques, these individuals did
not show any abnormal tau pathology in the
brain, or signs of clinical AD. Therefore whilst
the materials appeared to be the source of the
Ab seeds, they did not reproduce the full clini-
copathological phenotype of AD in the
recipients.

There is no evidence to show an infectious
aetiology for AD, PD, ALS and Tauopathies,25

which separates them from TSEs. While some
TSEs are contagious and spread naturally
between animals in the field, most TSEs can be
transmitted to appropriate susceptible hosts by
intracerebral, peripheral, intravenous, intraocu-
lar and intranasal routes; although the main
route of transmission between ruminants and
also zoonotic transmission to man, is by the

FIGURE 1. PrP amyloid plaque seeding in 101LL mice. Recombinant PrP was expressed in E coli
and purified before refolding into amyloid fibrils. These preparations were inoculated into 101LL
and wildtype mice (A). Animals survived for lifespan, and while no PrP aggregation was observed
in wildtype mice (B), large thioflavin fluorescent (D) PrP amyloid plaques were detected in several
101LL mice (C).
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oral route. Prion-like spread of Ab has only
been shown following direct intracerebral or
intraperitoneal inoculation, and not by any
other routes.26 We have yet to determine if pla-
ques can be seeded in 101LL mice following
oral or peripheral challenge with rec-PrP fibrils,
but we suspect such experiments would behave
similarly to seeded Ab proteinopathies.

WHEN IS A PRION NOT A PRION?

The recent description of “prion-like” mech-
anisms of spread of misfolded protein in other
neurodegenerative diseases such as AD, PD,
ALS and tauopathy19-22 has increased interest
in protein misfolding and prion/TSE disease,
but has also introduced confusion and a degree
of misunderstanding into the field of neurode-
generation. If the definition of a prion is a mis-
folded protein seed that can induce the
autocatalytic conversion of normal protein into
misfolded aggregates, then Ab, a-synuclein,
superoxide dismutase and hyperphosphorylated
tau could indeed be considered as prions in
addition to PrPSc. The term prion was originally
defined as “ . . .proteinatious infectious par-
ticles which are resistant to inactivation by
most procedures that modify nucleic acids.”
and were the infectious agent responsible for
scrapie.1 However prions are now more gener-
ally referred to as infectious proteins that cause
neurodegenerative disease. In this case, abnor-
mal PrP aggregates seeded in 101LL mice by
atypical P102L GSS and rec-PrP fibrils are not
prions, as they do not cause TSE disease in
recipient animals. Similarly, no reproduction of
the specific disease pathology seen in AD, PD,
ALS, or tauopathy is seen following inocula-
tion of pre-formed fibril seeds in mice. Even in
humans, Ab plaques may be seeded in the brain
following the administration of cadaver-
derived growth hormone 23 or dura matter
grafting,24 but the individuals do not develop
AD. Indeed, there is currently no evidence to
support an infectious aetiology for AD, PD,
ALS or Tauopathies.25 The use of the term
“prion” to describe all these diseases may
therefore be inappropriate, as there is a general
assumption this refers to an infectious

neurodegenerative disease. It has been pro-
posed that the term “propagon” may better
describe these pre-formed seeds,24,27 to define
the propagation of a misfolded protein in tissue,
and avoid confusion with TSE transmissibility
and infection. The similarities between seeding
of PrP aggregation in our 101LL model and the
seeding of Ab in APP transgenic mouse models
is striking. In both cases, protein aggregates are
formed following the inoculation of pre-formed
seeds, in neither case does the clinicopathologi-
cal phenotype of the diseases these misfolded
proteins are associated with present in the ani-
mals, and neither are infectious. So even when
the protein is PrP, misfolding and aggregation
does not always result in a transmissible neuro-
degenerative disease.

CONCLUSION: ARE ALL
PROTEINOPATHIES INFECTIOUS

PRION DISEASES?

We have now shown that seeded protein aggre-
gation does not inevitably produce infectious
prions, even when the protein is PrP.14 Data pro-
duced using our specific refolding methods do not
demonstrate generation of infectious synthetic
prions following fibrillisation of recombinant PrP
in vitro. Pre-formed fibrils introduced directly
into the brain seeded the formation of amyloid
plaques in a manner similar to that shown with
Ab, a-synuclein, superoxide dismutase and
hyperphosphorylated-tau seeds,19-22 but did not
cause infectious TSE disease. However due to the
different refolding conditions used by several
labs, and recent advances made in methods of
refolding and fibrillisation, it is possible that a
small population of misfolded PrP conformers
produced under specific experimental conditions
are infectious. Yet, even in animals which
appeared to show signs of TSE on subpassage of
synthetic prions, some specific ultrastructural
characteristics observed in TSE infection (tubulo-
vesicular bodies and lysosomal staining) were
absent.28 These characteristics were also absent in
101LL mice inoculated with atypical GSS and
rec-PrP fibrils, despite the presence of PrP amy-
loid plaques.14,29
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Synthetic prions (formed from recombinant
PrP) and prions generated in vitro by amplifica-
tion assays such as protein misfolding amplifi-
cation (PMCA), appear to show a general lack
of correlation between the amount of misfolded
protein produced and levels of infectivity. Syn-
thetic prions generally do not produce disease
on primary inoculation despite the inoculation
of large amounts of PrP fibrils (»5 mg).30

PMCA amplification experiments were shown
to generate large amounts of PrP-res, but the
ratio of infectivity titre to PrP-res was lower
than seen in infected brain samples.31 Both of
these data sets indicate that a substantial por-
tion of the misfolded PrP generated in vitro is
non-infectious. Such non-infectious forms of
misfolded PrP may also be generated in vivo
under the correct conditions, and in some cases
may form or seed amyloid plaque formation.

It is therefore possible that a spectrum of dis-
orders can be associated with protein misfold-
ing and aggregation in the brain. In the most
extreme case, specific conformers of misfolded
PrP cause TSE disease and replication of the
infectious TSE agent, which can then be trans-
mitted to other individuals. In other cases the
build-up and spread of protein aggregates
causes neurotoxicity and neurodegeneration in
the brain, but are not infectious. Finally, cases
exist where protein aggregates form and spread,
but are neither neurotoxic nor infectious and
can be tolerated by the animal. These latter two
cases would be termed proteinopathies, caused
by propagons, and are therefore distinct from
infectious TSE disease. Although mechanisms
of protein:protein interaction, misfolding and
spread may be similar between TSE, AD, PD,
ALS and Tauopathies, better definition between
TSEs and proteinopathies (or propagons) is
needed to examine aetiology, spread and treat-
ment for each disease
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