NEUROLOGICAL REVIEW

Protein Misfolding and Neurodegeneration

Claudio Soto, PhD; Lisbell D. Estrada, BSc

key molecular pathway implicated in diverse neurodegenerative diseases is the mis-
folding, aggregation, and accumulation of proteins in the brain. Compelling evidence
strongly supports the hypothesis that accumulation of misfolded proteins leads to syn-
aptic dysfunction, neuronal apoptosis, brain damage, and disease. However, the mecha-
nism by which protein misfolding and aggregation trigger neurodegeneration and the identity of
the neurotoxic structure is still unclear. The aim of this article is to review the literature around
the molecular mechanism and role of misfolded protein aggregates in neurodegeneration and the
potential for the misfolding process to lead to a transmissible form of disease by a prion-based model

of propagation.

Neurodegenerative diseases are some of the
most debilitating disorders, affecting think-
ing, skilled movements, feelings, cogni-
tion, and memory. This diverse group of
diseases includes common disorders such
as Alzheimer disease (AD) and Parkin-
son disease (PD) and rarer disorders such
as Huntington disease, spinocerebellar
ataxia, transmissible spongiform encepha-
lopathies, and amyotrophic lateral sclero-
sis. Despite the important differences in
clinical manifestation, neurodegenera-
tive disorders share some common fea-
tures such as their appearance late in life,
the extensive neuronal loss and synaptic
abnormalities, and the presence of cere-
bral deposits of misfolded protein aggre-
gates.! These deposits are a typical dis-
ease signature, and although the main
protein component is different in each dis-
ease, they have similar morphological,
structural, and staining characteristics.
Amyloid is the name originally given to ex-
tracellular protein deposits found in AD
and systemic amyloid disorders, but it is
nowadays used to refer in general to dis-
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ease-associated protein aggregates.' In this
article, we use the term amyloid-like de-
posits to refer to these aggregates without
necessarily meaning that they are struc-
turally equivalent.

In each neurodegenerative disease, the
distribution and composition of protein ag-
gregates are different.! In AD, there are 2
types of protein deposits. Amyloid plaques
are deposited extracellularly in the brain
parenchyma and around the cerebral
vessel walls, and their main component
is a 40- to 42-residue peptide termed
B-amyloid protein (AB).? Neurofibrillary
tangles are located in the cytoplasm of de-
generating neurons and are composed of
aggregates of hyperphosphorylated tau
protein.’ In patients with PD, Lewy bod-
ies are observed in the cytoplasm of neu-
rons of the substantia nigra in the brain.
The major constituents of these aggre-
gates are fragments of a protein named
o-synuclein.* In patients with Hunting-
ton disease, intranuclear deposits of a poly-
glutamine-rich version of huntingtin pro-
tein are a typical feature of the brain.
Patients with amyotrophic lateral sclero-
sis have aggregates mainly composed of su-
peroxide dismutase in cell bodies and
axons of motor neurons.® Finally, the
brains of humans and animals with di-
verse forms of transmissible spongiform
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encephalopathy are characterized by accumulation of pro-
tease-resistant aggregates of the prion protein (PrP).”

Compelling evidence coming from biochemical, ge-
netic, and neuropathological studies supports the in-
volvement of protein misfolding and aggregation in the
pathology of neurodegenerative diseases.! For example,
the presence of abnormal aggregates usually occurs in the
brain regions mostly damaged by the disease. Mutations
in the gene encoding for the misfolded protein produce
inherited forms of the disease, which usually have an ear-
lier onset and more severe phenotype than the sporadic
forms.® Transgenic animals expressing the human mu-
tant gene for the misfolded protein develop some of the
typical neuropathological and clinical characteristics of
the human disease.’ Finally, misfolded protein aggre-
gates produced in vitro are neurotoxic, inducing apop-
tosis.'”

MECHANISM AND INTERMEDIATES
IN PROTEIN MISFOLDING AND AGGREGATION

The misfolding and aggregation of proteins implicated
in neurodegenerative diseases has been modeled in vitro.
There is no evident sequence or structural homology
among the proteins involved in diverse neurodegenera-
tive diseases. Low-resolution structural studies have
shown in all cases a large structural rearrangement be-
tween the monomeric native protein and the aggregated
material.’ In most cases, the native monomeric protein
is mainly composed of a-helical and unordered struc-
ture, whereas the misfolded polymers are rich in
B-sheet conformation. Although high-resolution stud-
ies of aggregated proteins have been difficult with con-
ventional methods because of their insolubility and non-
crystalline nature, recent studies using nuclear magnetic
resonance spectroscopy have confirmed the B-sheet—
rich structure of protein aggregates implicated in neu-
rodegenerative diseases.''""?

Although the detailed mechanism for the formation
of fibrillar amyloid-like aggregates is not entirely clear,
the initiating event is protein misfolding, which results
in the formation of aggregation-prone structures that grow
by an autocatalytic mechanism. Kinetic studies have sug-
gested that the critical event is the formation of protein
oligomers that act as seeds to further propagate protein
misfolding."* This is the basis for the currently accepted
nucleation-dependent polymerization model of amy-
loid formation.'*!° Diverse proteins have been shown to
follow this crystallization-like process, including AB, hun-
tingtin, and a-synuclein. According to this model, ag-
gregation starts after the protein concentration exceeds
a point known as the critical concentration.'” Unfavor-
able interactions between monomers determine a slow
phase (termed lag phase) in which oligomers are formed,
providing an ordered nucleus to catalyze the further
growth of the polymers. Preformed nuclei (seeds) serve
as templates for the reaction, and as a result, the initial,
slow phase of primary nucleation is eliminated.'*"

In addition to mature fibrils, several other structures
have been described as part of the protein misfolding and
aggregation process, including soluble oligomers, pores,
annular structures, spherical micelles, and protofi-

brils'”"!° (Figure). Interestingly, these diverse struc-
tures have been identified in the amyloidogenesis pro-
cess of various disease-associated proteins, suggesting
common misfolding pathways and perhaps common neu-
rodegeneration mechanisms.'”** However, the biologi-
cal relevance of these intermediates is currently not clear,
and it is even questionable whether some of them exist
in a meaningful quantity in the diseased brain. Further-
more, although it is likely that these metastable species
assemble in a stepwise process, the relative importance
of each is difficult to assess because they are too un-
stable to characterize.'"*° Recent technological develop-
ments including the production of antibodies that rec-
ognize specifically different types of aggregated species
such as oligomers, annular assemblies, protofibrils, and
fibrils have led to important advances in understanding
the role of these structures in neurodegeneration.'”*' Strik-
ingly, the intermediate species formed by different pro-
teins are specifically recognized by the antibodies, sug-
gesting that they display a common structural motif that
is distinct from the other aggregated species.'”*' These
findings indicate that the antibodies recognize a generic
polypeptide backbone epitope that is independent of the
amino acid sequence but is shared among all types of poly-
mers.'”?! In summary, the biophysical studies of the in-
termediates in the amyloid formation process indicate that
diverse species with progressive degrees of aggregation
are present simultaneously and in dynamic equilibrium
between each other.'”!%% This makes it very difficult to
evaluate the relative contribution of different protein struc-
tures to neurodegeneration.

NEURODEGENERATION AND DISEASE

Selective neuronal loss, synaptic alterations, and neuro-
inflammation (in the form of reactive astrocytosis and
activated microglia) are typical features of neurodegen-
erative diseases.”> However, the region of the brain most
affected differs among diseases and determines the dis-
tinct clinical symptoms of each. Although it was widely
thought that neuronal apoptosis was the most impor-
tant problem in neurodegeneration, recent evidence from
different diseases suggests that extensive neuronal death
may not be the initial cause of the disease.'® Indeed, clini-
cal symptoms have been clearly described before signifi-
cant neuronal loss, and a better temporal and topo-
graphic correlation is found with synaptic dysfunction."

As outlined earlier, although protein misfolding and
aggregation are undoubtedly associated with neurode-
generation and disease, the mechanism by which mis-
folded aggregates produce synaptic dysfunction and neu-
ronal death is unknown. It is also unknown which of the
different polymeric structures formed in the process of
amyloidogenesis is the triggering factor of brain dam-
age'?? (Figure). For many years, it was thought that large
amyloid-like protein deposits were the species respon-
sible for brain damage.! However, the hypothesis that de-
posited aggregates are toxic has been challenged by re-
sults of histopathological, biochemical, and cell biology
studies.'®* Neuropathological analysis of the brains of
people with PD or AD has shown that neurons contain-
ing Lewy bodies or neurofibrillary tangles seem healthier
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Figure. Molecular pathways in neurodegeneration. Compelling evidence suggests that a common cause of neurodegenerative diseases may be the misfolding of a
protein to form toxic oligomeric structures that over time accumulate in large protein deposits in the brain. Neurodegeneration in all of these diseases is
characterized by neuronal damage in the form of synaptic alterations, cellular apoptosis, and deposition of amyloid-like plaques. Protein misfolding and
aggregation follow an autocatalytic seeding-polymerization mechanism that makes all of these diseases inherently capable to be transmitted by infection. Indeed,
one of the members of this group of disorders, prion diseases, is well documented to be transmissible, and overwhelming evidence indicates that the infectious
agent is the misfolded prion protein itself.

than neighboring cells by morphological and biochemi- yond to propose that the formation of amyloid-like fibrils
cal analysis.*** In addition, amyloid-like plaques and Lewy could be a protective mechanism to sequester and iso-
bodies are found in people without evident neuronal loss late toxic misfolded intermediates.” Although this is theo-
or clinical signs of AD or PD.***" Moreover, in some ani- retically an attractive hypothesis, it is likely that both
mal models of AD, transmissible spongiform encepha- soluble misfolded intermediates and amyloid-like fibril
lopathy, Huntington disease, and ataxias, cerebral dam- deposits are toxic, but perhaps by different mecha-
age and clinical symptoms have been detected before nisms.! For example, soluble oligomeric species might
protein aggregates.’®?° These findings have led to to- induce a signaling pathway leading to apoptosis, whereas
day’s most accepted hypothesis that the process of mis- amyloid-like plaques might take up tissue space, break
folding and early stages of oligomerization, rather than down neuronal connections, and recruit essential cellu-
the mature compacted aggregates deposited in the brain, lar factors. In addition, the concept that protein depos-
are the real culprits in neurodegeneration.!”'*? This hy- its are static and irreversible structures has been chang-
pothesis is supported by results showing that purified ing in the last several years to accommodate recent results
oligomeric species and protofibrils are toxic to cultured showing that the protein component of aggregates as well
neurons, inhibit hippocampal long-term potentiation, im- as the associated proteins are in dynamic equilibrium with
pair synaptic functions, and disrupt cognition and learned the soluble version of the proteins.'”**3° Therefore, the
behavior in rats.!1*# Some investigators have gone be- interesting possibility that large amyloid-like protein de-
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posits act as a reservoir of toxic oligomeric species must
be considered.

The most widely accepted theory of brain degenera-
tion in neurodegenerative diseases proposes that mis-
folding and aggregation result in the acquisition of a neu-
rotoxic function by the misfolded protein.' Several
mechanisms have been proposed for the neurotoxic ac-
tivity of misfolded aggregates, and it is likely that differ-
ent pathways operate depending on whether the pro-
teins accumulate intracellularly or extracellularly.'
Extracellular aggregates might activate a signal trans-
duction pathway leading to apoptosis by interacting with
specific cellular receptors. Intracellular aggregates might
damage cells by recruiting factors essential for cell vi-
ability into the fibrillar aggregates. Components of the
proteosome, chaperones, cytoskeletal proteins, and tran-
scription factors have been found in huntingtin and o-
synuclein aggregates.’'*>* Another well-supported mecha-
nism is membrane disruption and depolarization mediated
by ion channel and pore formation, resulting in alter-
ation of ion homeostasis and dysregulation of cellular sig-
nal transduction, leading to cell death.'” Finally, pro-
tein aggregates could induce oxidative stress by producing
free radical species, resulting in protein and lipid oxida-
tion, elevation of intracellular calcium levels, and mito-
chondrial dysfunction.?*>*

WHEN AN AMYLOID IS A PRION

The critical role of the protein misfolding process is per-
haps mostly clear in the prion disorders,* also called trans-
missible spongiform encephalopathies, which are the only
neurodegenerative disease transmissible by infection. The
nature of the infectious agent and its mechanism of propa-
gation are certainly some of the most debated and in-
triguing subjects in modern biology.* Initially, the in-
fectious agent was thought to be a virus with an
extraordinarily long incubation time and complicated
properties that make it difficult to isolate. However, the
facts that it resists conventional antiviral inactivation pro-
cedures’ and that it is smaller than any other known vi-
ral particle®®* led to the hypothesis that the infectious
agent is devoid of nucleic acid and instead consists of a
self-replicating protein.*® In 1982, Prusiner*' and co-
workers isolated a protease-resistant glycoprotein and pro-
posed that it was the active component of the infectious
agent, which they called prion (for proteinaceous infec-
tious particle). The characterization of the gene encod-
ing for the prion protein along with structural and bio-
chemical studies started to reveal the unorthodox and
fascinating aspects of prion biology.**** During the last
20 years, compelling evidence has accumulated to sup-
port the prion hypothesis, including the finding that highly
purified PrP* produces the disease when injected into
wild-type animals*' and the discovery that PrP knock-
out mice are resistant to prion infection.” Nevertheless,
skeptics argue that definitive proof consisting of the in
vitro generation of infectivity by misfolding of the prion
protein is still missing.***® Recent reports have come tan-
talizingly close to such proof.*"#

The basic concept in the prion hypothesis is that the mis-
folded prion protein (PrP*) is the only component of the

infectious agent that can replicate in the brain in the ab-
sence of nucleic acid by converting the natively folded prion
protein (PrP%) into the misfolded form.*** Prion replica-
tion is hypothesized to occur when PrP* in the infecting
inoculum interacts specifically with host PrP, catalyzing
its conversion to the pathogenic form of the protein. The
precise molecular mechanism of the conversion from PrP¢
to PrP> is not well understood. However, the available data
support a model in which infectious PrP* is an oligomer
that acts as a seed to bind PrP¢ and catalyze its conversion
into the misfolded form by incorporation into the grow-
ing polymer.”>>" At some point, the long PrP* polymers
break into smaller pieces either by a mechanical force or
catalyzed by an as-yet-unknown process. This fragmenta-
tion allows the increase in the number of effective nuclei
to direct further conversion of PrPc.

The seeding-nucleation model provides a rational and
plausible explanation for the infectious nature of pri-
ons. Infectivity lies on the capacity of preformed stable
misfolded oligomeric proteins to act as a seed to cata-
lyze the misfolding and aggregation process'* (Figure).
Indeed, in vitro conversion assays have been developed
based on the assumption that prion replication depends
on the formation of oligomeric seeds.”** As discussed
earlier, protein misfolding and aggregation in other neu-
rodegenerative (and also systemic) disorders also fol-
low a seeding-nucleation model; in fact, acceleration of
protein aggregation by the addition of seeds has been con-
vincingly reported in vitro for several proteins impli-
cated in diverse diseases.’* These findings suggest that
protein misfolding processes have the inherent ability to
be transmissible (Figure). Therefore, the key question is,
why are other neurodegenerative diseases that are asso-
ciated with protein misfolding and aggregation not trans-
missible? Or, perhaps a more appropriate question is, are
other neurodegenerative diseases transmitted by infec-
tion through a prion-like phenomenon?

WHEN AN AMYLOID IS NOT A PRION

Transmissibility of amyloidosis and other protein mis-
folding disorders has not been thoroughly investi-
gated,"*>* but it is generally assumed, based on results
from epidemiological studies, that they do not have an
infectious origin. It should be emphasized that the mecha-
nisms of conventional infectious diseases do not neces-
sarily apply to this protein-only agent, which follows a
complicated mechanism of transmission and requires spe-
cial routes of infection. In addition, the putative long in-
cubation times (up to several decades in humans) fur-
ther complicate tracking a potentially infectious origin,
which would be particularly difficult in much more preva-
lent disorders such as AD or PD.

Perhaps the best way to investigate the infectious
propagation of a disease is by attempting to transmit it
to experimental animals. Several attempts have been made
to transmit AD, with intriguing but conflicting re-
sults.”?” Marmosets injected with AD brain homog-
enates developed scattered AB deposits in the brain pa-
renchyma and cerebral vasculature 6 to 7 years after
inoculation.” Interestingly, the resultant amyloid le-
sions were not limited to the injection site. However, other
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studies have failed to transmit AD and other neurode-
generative diseases to primates.” More recent studies have
used transgenic mice expressing the human mutant amy-
loid precursor protein gene. Infusion of diluted AD brain
homogenates intracerebrally into 3-month-old trans-
genic mice showed no AP deposition in the brain 4 weeks
after infusion; however, after 5 months, transgenic mice
developed profuse AB-immunoreactive amyloid plaques
and vascular deposits exclusively in the hemisphere in-
jected.”® After 12 months, abundant AR deposits were pres-
ent bilaterally in the forebrain, but the plaque load was
still clearly greater in the injected hemisphere.”® A fol-
low-up study from the same group found that the seed-
ing activity of brain extracts was reduced or abolished
by AR immunodepletion, protein denaturation, or AR im-
munization.®® Interestingly, the phenotype of the exog-
enously induced amyloidosis depended on both the char-
acteristics of the host and the source of the agent. These
findings clearly show that preformed AP aggregates can
enhance in vivo amyloid formation. However, because
these transgenic animals developed AD pathology “spon-
taneously” later on, it is not possible to conclude that in-
oculation with AD brain acted as an infectious agent, but
justas an accelerator of a process that was genetically pro-
grammed to occur. This is different from the prion phe-
nomenon of disease transmission in which animals would
not get sick unless exposed to the infectious agent. Other
transmission studies have been done with systemic dis-
eases, including amyloidosis associated with deposition
of amyloid A and apolipoprotein A-II amyloid.*** Again,
the results clearly show that under certain experimental
conditions, protein misfolding processes can be trans-
mitted or at least accelerated by administration of oligo-
meric misfolded seeds.

Despite the fact that all protein misfolding and aggre-
gation processes have the intrinsic possibility for trans-
missibility, it is likely that biological and pharmacoki-
netic barriers may prevent some amyloid aggregates from
acting like prions.'"* For example, the “infectious” oligo-
meric seeds may not be able to reach the correct place of
the tissue and the right subcellular compartment to propa-
gate the misfolding. This is likely to be a problem espe-
cially for some of the intracellular aggregates, such as Lewy
bodies in PD or intranuclear aggregates in Huntington dis-
ease. There could also be a problem of biological stabil-
ity, determining that the clearance may be faster than the
rate of polymer elongation. The high resistance of PrP*
to proteases and extreme conditions may be key in the ef-
ficiency of prions as infectious agents.” Finally, it is pos-
sible that some misfolded proteins form hyperstable ag-
gregates that may be poor at propagating misfolding.*
Indeed, from our findings with the in vitro amplification
of mammalian prions® and from studies of the replica-
tion of yeast prions,* it seems clear that fragmentation of
aggregates is essential for effective propagation.

Accepted for Publication: February 18, 2007.
Correspondence: Claudio Soto, PhD, University of Texas
Medical Branch, 301 University Blvd, Galveston, TX 77555
(clsoto@utmb.edu).

Author Contributions: Study concept and design: Soto and
Estrada. Analysis and interpretation of data: Soto. Draft-

ing of the manuscript: Soto. Critical revision of the manu-
script for important intellectual content: Soto and Es-
trada. Administrative, technical, and material support:
Estrada. Study supervision: Soto.

Financial Disclosure: None reported.

o EEEEEETE

1. Soto C. Unfolding the role of protein misfolding in neurodegenerative diseases.
Nat Rev Neurosci. 2003;4(1):49-60.

2. Glenner GG, Wong CW. Alzheimer’s disease: initial report of the purification and
characterization of a novel cerebrovascular amyloid protein. Biochem Biophys
Res Commun. 1984;120(3):885-890.

3. Grundke-Igbal I, Igbal K, Quinlan M, Tung YC, Zaidi MS, Wisniewski HM. Micro-
tubule-associated protein tau: a component of Alzheimer paired helical filaments.
J Biol Chem. 1986;261(13):6084-6089.

4. Spillantini MG, Schmidt ML, Lee VM, Trojanowski JQ, Jakes R, Goedert M.
Alpha-synuclein in Lewy bodies. Nature. 1997;388(6645):839-840.

5. DiFiglia M, Sapp E, Chase KO, et al. Aggregation of huntingtin in neuronal intra-
nuclear inclusions and dystrophic neurites in brain. Science. 1997;277(5334):
1990-1993.

6. Bruijn LI, Houseweart MK, Kato S, et al. Aggregation and motor neuron toxicity
of an ALS-linked SOD1 mutant independent from wild-type SOD1. Science. 1998;
281(5384):1851-1854.

7. Bolton DC, McKinley MP, Prusiner SB. Identification of a protein that purifies
with the scrapie prion. Science. 1982;218(4579):1309-1311.

8. Buxbaum JN, Tagoe CE. The genetics of the amyloidoses. Annu Rev Med. 2000;
51:543-569.

9. Price DL, Wong PC, Markowska AL, et al. The value of transgenic models for the

study of neurodegenerative diseases. Ann N'Y Acad Sci. 2000;920:179-191.

. Bucciantini M, Giannoni E, Chiti F, et al. Inherent toxicity of aggregates implies a
common mechanism for protein misfolding diseases. Nature. 2002;416(6880):
507-511.

11. Makin OS, Serpell LC. Examining the structure of the mature amyloid fibril. Bio-
chem Soc Trans. 2002;30(4):521-525.

. Tycko R. Molecular structure of amyloid fibrils: insights from solid-state NMR.
Q Rev Biophys. 2006;39(1):1-55.

. Nelson R, Sawaya MR, Balbirnie M, et al. Structure of the cross-beta spine of
amyloid-like fibrils. Nature. 2005;435(7043):773-778.

. Soto C, Estrada L, Castilla J. Amyloids, prions and the inherent infectious nature
of misfolded protein aggregates. Trends Biochem Sci. 2006;31(3):150-155.

. Harper JD, Lansbury PT Jr. Models of amyloid seeding in Alzheimer’s disease and
scrapie: mechanistic truths and physiological consequences of the time-
dependent solubility of amyloid proteins. Annu Rev Biochem. 1997;66:385-407.

. Gajdusek DC. Nucleation of amyloidogenesis in infectious and noninfectious amy-
loidoses of brain. Ann N'Y Acad Sci. 1994;724:173-190.

. Glabe CG, Kayed R. Common structure and toxic function of amyloid oligomers
implies a common mechanism of pathogenesis. Neurology. 2006;66(2)(supp!
1):S74-S78.

. Caughey B, Lansbury PT. Protofibrils, pores, fibrils, and neurodegeneration: sepa-
rating the responsible protein aggregates from the innocent bystanders. Annu
Rev Neurosci. 2003;26:267-298.

. Haass C, Selkoe DJ. Soluble protein oligomers in neurodegeneration: lessons

from the Alzheimer’s amyloid beta-peptide. Nat Rev Mol Cell Biol. 2007;8(2):

101-112.

Teplow DB, Lazo ND, Bitan G, et al. Elucidating amyloid beta-protein folding and

assembly: a multidisciplinary approach. Acc Chem Res. 2006;39(9):635-645.

21. Kayed R, Glabe CG. Conformation-dependent anti-amyloid oligomer antibodies.

Methods Enzymol. 2006;413:326-344.

Martin JB. Molecular basis of the neurodegenerative diseases. N Engl J Med.

1999;340(25):1970-1980.

Lansbury PT, Lashuel HA. A century-old debate on protein aggregation and neu-

rodegeneration enters the clinic. Nature. 2006;443(7113):774-779.

Tompkins MM, Basgall EJ, Zamrini E, Hill WD. Apoptotic-like changes in Lewy-

body-associated disorders and normal aging in substantia nigral neurons. Am J

Pathol. 1997;150(1):119-131.

Bondareff W, Mountjoy CQ, Roth M, Hauser DL. Neurofibrillary degeneration and

neuronal loss in Alzheimer’s disease. Neurobiol Aging. 1989;10(6):709-715.

Katzman R, Terry R, DeTeresa R, et al. Clinical, pathological, and neurochemical

changes in dementia: a subgroup with preserved mental status and numerous

neocortical plaques. Ann Neurol. 1988;23(2):138-144.

Forno LS. Neuropathology of Parkinson’s disease. J Neuropathol Exp Neurol.

1996;55(3):259-272.

20.

22.

23.

24.

25.

26.

271.

(REPRINTED) ARCH NEUROL/VOL 65 (NO. 2), FEB 2008

188

WWW.ARCHNEUROL.COM

Downloaded from www.archneurol.com at Universidad de Chile, on January 5, 2010
©2008 American Medical Association. All rights reserved.


http://www.archneurol.com

28.

29.

30.

31.

32.

33.
34.
35.
36.
37.
38.
39.

40.
. Prusiner SB. Novel proteinaceous infectious particles cause scrapie. Science. 1982;

42.

43.

44.
45.

46.

Moechars D, Dewachter I, Lorent K, et al. Early phenotypic changes in trans-
genic mice that overexpress different mutants of amyloid precursor protein in
brain. J Biol Chem. 1999;274(10):6483-6492.

Klement IA, Skinner PJ, Kaytor MD, et al. Ataxin-1 nuclear localization and ag-
gregation: role in polyglutamine-induced disease in SCA1 transgenic mice. Cell.
1998;95(1):41-53.

Kim S, Nollen EA, Kitagawa K, Bindokas VP, Morimoto RI. Polyglutamine pro-
tein aggregates are dynamic. Nat Cell Biol. 2002;4(10):826-831.

Cummings CJ, Mancini MA, Antalffy B, DeFranco DB, Orr HT, Zoghbi HY. Chap-
erone suppression of aggregation and altered subcellular proteasome localiza-
tion imply protein misfolding in SCA1. Nat Genet. 1998;19(2):148-154.

li K, Ito H, Tanaka K, Hirano A. Immunocytochemical co-localization of the pro-
teasome in ubiquitinated structures in neurodegenerative diseases and the elderly.
J Neuropathol Exp Neurol. 1997;56(2):125-131.

Behl C, Davis JB, Lesley R, Schubert D. Hydrogen peroxide mediates amyloid
beta protein toxicity. Cell. 1994;77(6):817-827.

Hsu LJ, Sagara Y, Arroyo A, et al. Alpha-synuclein promotes mitochondrial defi-
cit and oxidative stress. Am J Pathol. 2000;157(2):401-410.

Soto G, Saborio GP. Prions: disease propagation and disease therapy by con-
formational transmission. Trends Mol Med. 2001;7(3):109-114.

Soto C, Castilla J. The controversial protein-only hypothesis of prion propagation.
Nat Med. 2004;10:563-S67.

Alper T, Cramp WA, Haig DA, Clarke MC. Does the agent of scrapie replicate with-
out nucleic acid? Nature. 1967;214(5090):764-766.

Alper T, Haig DA, Clarke MC. The exceptionally small size of the scrapie agent.
Biochem Biophys Res Commun. 1966;22(3):278-284.

Silveira JR, Raymond GJ, Hughson AG, et al. The most infectious prion protein
particles. Nature. 2005;437(7056):257-261.

Griffith JS. Self-replication and scrapie. Nature. 1967;215(5105):1043-1044.

216(4542):136-144.

Oesch B, Westaway D, Wélchli M, et al. A cellular gene encodes scrapie PrP 27-30
protein. Cell. 1985;40(4):735-746.

Chesebro B, Race R, Wehrly K, et al. Identification of scrapie prion protein-
specific mRNA in scrapie-infected and uninfected brain. Nature. 1985;315(6017):
331-333.

Basler K, Oesch B, Scott M, et al. Scrapie and cellular PrP isoforms are encoded
by the same chromosomal gene. Cell. 1986;46(3):417-428.

Bieler H, Aguzzi A, Sailer A, et al. Mice devoid of PrP are resistant to scrapie.
Cell. 1993;73(7):1339-1347.

Chesebro B. BSE and prions: uncertainties about the agent. Science.
1998;279(5347):42-43.

47.
48.

49.
. Caughey B. Prion protein conversions: insight into mechanisms, TSE transmis-

51.

52.

53.

54.
55.

56.

57.

58.

59.

60.

61.

62.

63.

Legname G, Baskakov IV, Nguyen HO, et al. Synthetic mammalian prions. Science.
2004;305(5684):673-676.

Castilla J, Saé P, Hetz C, Soto C. In vitro generation of infectious scrapie prions.
Cell. 2005;121(2):195-206.

Prusiner SB. Prions. Proc Natl Acad Sci U S A. 1998;95(23):13363-13383.

sion barriers and strains. Br Med Bull. 2003;66:109-120.

Soto C, Saborio GP, Anderes L. Cyclic amplification of protein misfolding: ap-
plication to prion-related disorders and beyond. Trends Neurosci. 2002;25
(8):390-394.

Saborio GP, Permanne B, Soto C. Sensitive detection of pathological prion protein
by cyclic amplification of protein misfolding. Nature. 2001;411(6839):810-813.
Krebs MR, Morozova-Roche LA, Daniel K, Robinson GV, Dobson CM. Observa-
tion of sequence specificity in the seeding of protein amyloid fibrils. Protein Sci.
2004;13(7):1933-1938.

Sigurdsson EM, Wisniewski T, Frangione B. Infectivity of amyloid diseases. Trends
Mol Med. 2002;8(9):411-413.

Goudsmit J, Morrow CH, Asher DM, et al. Evidence for and against the trans-
missibility of Alzheimer disease. Neurology. 1980;30(9):945-950.

Brown P, Gibbs CJ Jr, Rodgers-Johnson P, et al. Human spongiform encepha-
lopathy: the National Institutes of Health series of 300 cases of experimentally
transmitted disease. Ann Neurol. 1994;35(5):513-529.

Baker HF, Ridley RM, Duchen LW, Crow TJ, Bruton CJ. Induction of beta (A4)-amyloid
in primates by injection of Alzheimer’s disease brain homogenate: comparison with
transmission of spongiform encephalopathy. Mol Neurobiol. 1994;8(1):25-39.
Kane MD, Lipinski WJ, Callahan MJ, et al. Evidence for seeding of beta-amyloid
by intracerebral infusion of Alzheimer brain extracts in beta-amyloid precursor
protein-transgenic mice. J Neurosci. 2000;20(10):3606-3611.

Walker LC, Callahan MJ, Bian F, Durham RA, Roher AE, Lipinski WJ. Exogenous
induction of cerebral beta-amyloidosis in beta APP-transgenic mice. Peptides.
2002;23(7):1241-1247.

Meyer-Luehmann M, Coomaraswamy J, Bolmont T, et al. Exogenous induction
of cerebral beta-amyloidogenesis is governed by agent and host. Science. 2006;
313(5794):1781-1784.

Lundmark K, Westermark GT, Nystrom S, Murphy CL, Solomon A, Westermark P.
Transmissibility of systemic amyloidosis by a prion-like mechanism. Proc Nat/ Acad
Sci U S A 2002;99(10):6979-6984.

Xing Y, Nakamura A, Chiba T, et al. Transmission of mouse senile amyloidosis.
Lab Invest. 2001;81(4):493-499.

Kryndushkin DS, Alexandrov IM, Ter-Avanesyan MD, Kushnirov VV. Yeast [PSI+]
prion aggregates are formed by small Sup35 polymers fragmented by Hsp104.
J Biol Chem. 2003;278(49):49636-49643.

(REPRINTED) ARCH NEUROL/VOL 65 (NO. 2), FEB 2008

189

WWW.ARCHNEUROL.COM

Downloaded from www.archneurol.com at Universidad de Chile, on January 5, 2010
©2008 American Medical Association. All rights reserved.


http://www.archneurol.com

