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Abstract

The abnormal assembly and deposition of specific proteins in the brain is the probable cause of
most neurodegenerative disease afflicting the elderly. These “cerebral proteopathies” include
Alzheimer’s disease (AD), Parkinson’s disease (PD), Huntington’s disease (HD), prion diseases,
and a variety of other disorders. Evidence is accumulating that the anomalous aggregation of the
proteins, and not a loss of protein function, is central to the pathogenesis of these diseases. Thus,
therapeutic strategies that reduce the production, accumulation, or polymerization of pathogenic
proteins might be applicable to a wide range of some of the most devastating diseases of old age.

Index Entries: Aging; Alzheimer’s disease; amyloid; amyotrophic lateral sclerosis; dementia;
diabetes; Huntington’s disease; Parkinson’s disease; prion; proteopathy.

Proteopathology is Fundamental
to Age-Related Neurodegenerative
Disorders

By around 60 yr of age, the neuropathological
harbingers of Alzheimer’s disease (AD)—senile
plaques and neurofibrillary tangles—begin to
appear in the brain (1,2). Plaques and tangles
originate in the abnormal assembly of specific
proteins; the B-amyloid peptide (AB) forms the
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tibrillar cores of senile plaques, and the micro-
tubule-associated protein tau fibrillizes into
intraneuronal paired helical filaments, or neu-
rofibrillary tangles. (Fig. 1). The prevalence of
plaques and tangles increases with age (1), as
does the risk of developing AD (3). Recent
genetic and biochemical analyses have con-
firmed the long-held suspicion that the abnor-
mal accumulation of A3 and/or tau in the brain
is central to AD and some related neurodegen-
erative disorders. Specific mutations in the gene
encoding the precursor of AP (the B-amyloid
precursor protein [BAPP]), and in the genes for
the presenilins, produce autosomal dominant
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Fig. 1. The neuropathological hallmarks of AD.
(A) Spherical accumulations of B-amyloid form the
cores of senile plaques, and are distributed among
neurofibrillary tangles (arrow) in this Gallyas silver-
stained section of parahippocampal cortex in an
Alzheimer’s case; (B) Immunostaining with antibody
10D5 (courtesy of Dale Schenk, Elan Pharmaceuti-
cals) detects only the B-amyloid deposits, some of
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AD (4). Persons carrying one or more apolipo-
protein Ee4 alleles are at greater risk of develop-
ing AD than are noncarriers of the allele (5,6).
Even in the nondemented elderly, senile plaques
and neurofibrillary tangles are most abundant in
people with one or more €4 alleles (1,2). Indeed,
all known genetic risk factors for AD increase
the production and/or accumulation of A in
the brain (7). Although mutations in the gene for
tau do not cause AD per se, they are linked to
dementing disorders characterized by wide-
spread neurofibrillary tangles, often in the
absence of -amyloid (8-10). Because <10% of
AD cases are transmitted in an autosomal domi-
nant, Mendelian fashion (4), the vast majority of
cases have no identifiable genetic cause.

Aging is the major risk factor for AD (3) and
other disorders of protein conformation and
assembly. The steep rise in the occurrence of
these diseases in the elderly appears to derive
from posttranslational events, such as glyca-
tion, isomerization, phosphorylation, crosslink-
ing, or partial denaturation of proteins (11-15),
or possibly in the faulty transcription of DNA
(16). The ensuing structural modifications can
render proteins highly prone to self-aggrega-
tion. It is noteworthy that aggregation can be
facilitated by transient, denaturing conditions
such as increased temperature (11) and changes
in pH (17). Once initiated, abnormal protein
polymerization becomes self-perpetuating,
eventually leading to disruption of cellular
function and disease-specific clinical symp-
toms. We refer to diseases of abnormal protein
conformation and assembly as the “pro-
teopathies” (18, Table 1). Protein misfolding

which form the dense cores of classical senile
plaques, and some of which are diffuse, lightly
immunostained and noncongophilic. Neocortex;
hematoxylin counterstain. (C) Ubiquitin immunore-
activity also is prominent in the Alzheimeric brain,
particularly in structures exhibiting tau pathology
(arrow shows a neurofibrillary tangle). Note also a
senile plaque in the upper middle of panel (C), in
which ubiquitin-positive abnormal neurites surround
an unstained center. Parahippocampal cortex; hema-
toxylin counterstain.
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Table 1
Cerbral Proteopathies

Disease Major Protein
Alzheimer’s Disease B-peptide (AB)
4R, 3R tau
Cerebral A Angiopathy B-peptide (AB)
Multiple System Tauopathy 4R tau
(familial)

Progressive Supranuclear Palsy 4 R tau
Corticobasal Degeneration 4 R tau

Pick’s Disease 3R tau

Diffuse Lewy Body Disease
Parkinson’s Disease

Multiple System Atrophy
Amyotrophic Lateral Sclerosis

a-synuclein
a-synuclein
a-synuclein
a-synuclein

(ALS)
Familial ALS SOD1 mutants
Triplet Repeat Disorders polyglutamine
(HD, etc.) inserts
Prion diseases (C]D, etc.) prion protein
Familial British Dementia ABri
Familial Danish Dementia ADan
Familial Encephalopathy w/ neuroserpin
Neuroserpin Inclusion Bodies
(FENIB)
Familial Cerebral Hemorrhage cystatin C

w/ Amyloidosis (Icelandic)
Familial Amyloidotic Neuropathy transthyretin

and aggregation are integrally associated with
virtually all known chronic human neurode-
generative diseases (19-21), and may con-
tribute to neuronal death in acute brain injury
as well (22). Unraveling the pathogenic mecha-
nisms shared by the proteopathies may yield
effective therapies for some of the most debili-
tating disorders of old age.

Amyloidoses are One Type
of Proteopathy

Proteins usually fold rapidly into their nor-
mal, native conformations in vivo, but under
pathogenic conditions, such as amino acid sub-
stitutions and denaturation, proteins can mis-
fold and aggregate into insoluble clumps
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(11,23). Proteins vary in their disposition to
self-aggregate, and those with the strongest
inclination to do so are prime disease-causing
suspects. Often, but not always, pathogenic
proteins aggregate into conformations rich in
intramolecular (-sheet (24). Fibrillar protein
accumulations with a B-pleated sheet structure
are birefringent after staining with the dye
Congo Red, and are referred to generically as
“amyloid” (Fig. 2), an adjective cum noun that
originated from the early belief that the protein
deposits might actually be starch (see 25). Amy-
loid can form in a number of organs from a
variety of proteins that are unified mainly by
their tendency to self aggregate into (-pleated
sheets. Although amyloid is an indicator of
various disease processes in humans, the [3-
sheet secondary structure is not inherently
pathological, and even has utility elsewhere in
nature, for example in the formation of silk
tibers [“The amyloid fibril [is] the abortive
effort of the vertebrate to rival the silk-
worm...” (24)].

Accumulations of amyloid are an obvious
manifestation of certain proteopathies (23-30),
and have instigated the determination of the
amino acid and genetic sequences of most amy-
loid precursor proteins. Although [B-amyloid
and diffuse AP deposits are salient features of
AD, the presence of amyloid plaques correlates
rather poorly with dementia (31). This weak cor-
relation has suggested to some that 3-amyloid
per se is not critical to AD. However, growing
evidence indicates that the cytotoxic culprits in
neurodegenerative diseases may be prefibrillar
forms of the proteins, i.e., soluble species such as
oligomers or protofibrils that are not readily
detectable histologically (20,32-36). (A cytotoxic,
nonfibrillar intermediate species of islet amyloid
polypeptide may also contribute to the death of
pancreatic B-cells in type II diabetes [37-39]).
Amyloid (that is, the insoluble congophilic
deposits) may simply be a terminal or ancillary
stage of the proteopathic cascade that con-
tributes only marginally to the clinical pheno-
type of neurodegenerative diseases. Moreover, a
number of proteopathies never manifest the
classical features of amyloid, for example the
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Fig. 2. A Congo Red-stained senile plaque in the
center of the field exhibits characteristic Maltese-cru-
ciform birefringence with crossed polarizing filters.
This tinctorial/optical peculiarity is one of the defin-
ing characteristics of classical amyloid deposits.
Hematoxylin counterstain.

triplet-repeat disorders, amyotrophic lateral
sclerosis (ALS), and the synucleinopathies, and
some maladies, such as the prion diseases, dis-
play amyloid inconsistently. What all of these
diseases share, however, is abnormal protein
assembly as a probable pathogenic process. The
proteopathies therefore include all diseases of
pathological protein misfolding and/or self-
aggregation, regardless of whether classical
amyloid is present. The proteopathy concept
accommodates the entire cascade of molecular
events that bring about the phenotype of the dis-
orders, rather than singling out the amyloid
deposits or inclusion bodies per se as putative
causative lesions. As indicated earlier, the pro-
teopathies are not restricted to the brain, but can
include systemic disorders in which the patho-
genic process is similar (30,3941).

Protein Self-Aggregation, Not Loss
of Function, Causes Disease

What is the evidence that the abnormal
assembly of proteins is necessary and suffi-

Molecular Neurobiology

Walker and LeVine

cient for brain disease? Some of the most com-
pelling hints to date come from uncommon
disorders which, though phenotypically het-
erogeneous, all are characterized by protein
self-aggregation: familial British dementia,
familial encephalopathy with neuroserpin
inclusion bodies (FENIB), triplet-repeat disor-
ders such as Huntington’s disease (HD), and
prion diseases.

Familial British Dementia

Familial British dementia is a very rare,
autosomal dominant disease of motor func-
tion and cognition that was first described in
the 1930s (42). The disorder usually becomes
manifest around the fifth decade of life.
Pathologically, the brain and spinal cord are
beset by large numbers of neurofibrillary tan-
gles, vascular amyloid deposits, and non-neu-
ritic senile plaques. Significantly, the amyloid
deposits do not contain AP but, rather, a pre-
viously unidentified, 4-kDa peptide termed
“ABri” (43; a Danish variant of the peptide
called “ADan” has recently been discovered
[44]). ABri derives from a single, membrane-
spanning precursor protein by an unusual
mechanism: a single nucleotide change con-
verts the stop codon to an arginine codon,
extending the precursor protein from 266 to
277 residues. The errant cleavage product
ABri consequently contains 23 amino acids
from the normal precursor, the intrusive argi-
nine, and 11 intron-derived amino acids.
Because of its unusual origin, the peptide has
no known homology in nature. Nevertheless,
one salient feature that ABri shares with A
and other pathogenic proteins is a strong ten-
dency to self-assemble (in this instance, ulti-
mately forming amyloid). Both familial British
dementia and AD can be linked to genetic
mutations that enhance the amyloidogenicity
of particular proteins. Pathologically, both
diseases exhibit abundant amyloid deposits
in the brain (as well as neurofibrillary tan-
gles), but their distinct clinical phenotypes
reflect disease-specific anatomical distribu-
tions of the lesions.
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Familial Encephalopathy with Neuroserpin
Inclusion Bodies

FENIB is another uncommon, autosomal
dominant neurological disorder. The age
of onset is between the second and fifth
decades of life; afflicted patients undergo pro-
gressive, debilitating cognitive and behavioral
decline and, in one family, epilepsy (45). The
most notable neuropathological finding is
eosinophilic inclusion bodies in neurons of the
deep layers of the cerebral cortex, in the sub-
stantia nigra, and in other subcortical nuclei
(45,46). These inclusions recently were found
to contain loop-sheet polymers of a mutant
form of the neuronal serine protease inhibitor
neuroserpin (45). How this protein configura-
tion causes cerebral disease is not yet known.
However, compelling evidence that the abnor-
mal polymerization of neuroserpin is key to
the pathogenesis of FENIB comes from a liver
disease involving the aggregation of a different
serpin, di-antitrypsin. Loop-sheet polymeriza-
tion of ai-antitrypsin produces hepatocytic
inclusions and cirrhosis (47). Significantly, liver
disease does not develop in human “null”
mutants with suppressed ai-antitrypsin syn-
thesis, indicating that hepatocytic pathology in
ai-antitrypsin-associated cirrhosis is owing to
abnormal polymerization and deposition of
the enzyme, and not to loss of function (45).
What is more, neuroserpin inclusions are not
“amyloid” by tinctorial or ultrastructural crite-
ria. FENIB thus differs in many ways from
familial British dementia, AD, and other pro-
teopathies; however, in FENIB, as in virtually
every age-related neurodegenerative disease,
specific proteins precipitate as aggregates in
the brain. Mutations that increase the concen-
tration of the proteins and/or their inclination
to self-aggregate raise the odds that the disease
will appear, particularly with advancing age.

Triplet-Repeat Disorders

The triplet-repeat disorders are autosomal
dominant, neurodegenerative illnesses that
emerge in persons with abnormally expanded
trinucleotide repeats. In the most common
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forms, the result is the production of proteins
whose cleavage products are particularly
inclined to self-aggregate (see 19 for review).
Many of the known triplet-repeat disorders,
including HD, involve multiple, consecutive
cytosine-adenine-guanine (CAG) codons that
are translated into polyglutamine stretches in
different proteins. The longer the pathogenic
expansion of amino acids, the greater the pro-
teins’ propensity to self-aggregate, and the more
aggressive the disease; transgenic animals and
cultured cells expressing pathogenic polygluta-
mine expansions mimic the neuronal degenera-
tion seen in the corresponding human diseases,
and the cytotoxicity is directly related to the
repeat expansion-length within the protein (48).
An unusual pathologic feature of the polygluta-
mine diseases (and their transgenic animal
models) is the presence of intranuclear inclu-
sions that are immunoreactive for ubiquitin
(19,49). Histologically detectable aggregates of
mutant huntingtin generally precede the onset
of behavioral symptoms and neuronal degener-
ation in a transgenic mouse model of HD
(560,51). Intriguingly, in a transgenic model of
Machado-Joseph triplet-repeat disease, cleaved
MJD1a protein containing the expanded polyg-
lutamines is more injurious to neurons than is
the full-length protein, suggesting that brain
region-specific cleavage events may determine
the localized expression of pathology (1948).
Clinicopathological, genetic, and experimental
evidence strongly suggests that the self-aggre-
gation of the affected proteins, and not a loss of
function, drives the pathogenesis of the polyg-
lutamine disorders.

Prion Diseases

The prion diseases in humans include
Creutzfeldt-Jakob disease (CJD), Kuru, Gerst-
mann-Straeussler-Scheinker disease, and fatal
familial insomnia; there are also several non-
human prion diseases, the best known being
scrapie and bovine spongiform encephalopa-
thy (BSE, the possible source of variant CJD in
Britain and parts of continental Europe [52]).
The key histopathological changes in prion
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disease are cerebral spongiform change and
plaque-like PrP immunoreactivity (Fig. 3),
with neuronal loss and gliosis (53), although
neither amyloid (i.e., congophilic) plaques nor
spongiform change appears to be obligatory
(54). 1t is now generally accepted that these
spongiform encephalopathies are caused by
the aggregation of misconformed prions, i.e.,
proteinaceous particles (PrP) that can, under
the proper conditions, transmit disease from
one individual to another (54-56; see below).
Like other proteopathic agents, pathogenic PrP
(PrPS5°) has a strong proclivity for self-aggrega-
tion (57). The amplification of pathogenic pri-
ons in the nervous system apparently requires
the conformational conversion of normal PrP
(PrP€)—which is produced routinely in neu-
rons and other mammalian cells—to PrPS
(11,57). Significantly, a number of PrP gene
mutations have been discovered that cause
autosomal dominant neurodegenerative dis-
ease (53), presumably by promoting the con-
version of some PrP¢ molecules to PrPSe.
Although the molecular events involved may
differ in the details, the abnormal assembly of
prions as a general pathogenic mechanism (57)
is similar to that postulated for other pro-
teopathies (18-21).

Seeding Accelerates Proteopathy

The formation of pathogenic protein assem-
blies can be impelled by seeding, or nucle-
ation-dependent polymerization (58). Indeed,
seeding may promote the pathogenesis of
many, if not all, neurodegenerative pro-
teopathies (565,58,59), as well as systemic amy-
loidoses (60). The seed is thought to be an
abnormal structural variant of a protein (usu-
ally oligomeric or multimeric) that provides a
template or assembly site for the organization
of like molecules into ordered aggregates
(55,59,61). Infectious prions appear to be PrPSc
seeds that catalyze the transformation of PrP¢
into the aggregation-prone PrP% (57); the
spontaneous (or sporadic) prion diseases arise
in the rare instances when a chance seed is
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Fig. 3. Prion protein (PrP)-immunoreactivity and
spongiform change (arrow) in the neocortex of a per-
son who had died of Creutzfeldt-Jakob disease.
Hematoxylin counterstain. Slide courtesy of Profes-
sor Rolf Warzok, University of Greifswald.

formed endogenously. “Transmissibility,” then,
may be largely a function of the facility with
which exogenous seeds stimulate the conver-
sion and/or aggregation of endogenous pro-
teins, a role at which prions are especially
adept. The species barriers in the transmission
of prion diseases are thought to be owing to
differences in the amino acid sequences
between PrPSc and the host PrPC (54).

There have been relatively few attempts to
seed other cerebral proteopathies in vivo, and
early attempts to transmit Alzheimeric pathol-
ogy met with little success (62—64). Unlike
prion diseases, which can be transmitted
(within the limitations imposed by species dif-
ferences) with a fair degree of fidelity, the full
behavioral and pathological spectrum of AD’s
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Fig. 4. Hippocampal AB-immunostaining in a Tg2576 mouse that had been unilaterally injected 5 mo ear-
lier with dilute Alzheimeric neocortical extract. Panel (A) shows the injected hippocampus, and (B) shows the
contralateral hippocampus in the same tissue section. Note the intense, mostly diffuse AB-immunoreactivity in
the infused hippocampus, and the paucity of immunoreactivity in the noninjected hippocampus. The hip-
pocampal fissure is indicated by arrows. Hematoxylin counterstain (66).

still has not been conveyed experimentally to
any nonhuman species. However, there is
growing evidence that B-amyloid pathology
can be exogenously induced by diseased tissue.
Marmosets inoculated intracerebrally with
crude, 10% tissue homogenates from AD brains
developed B-amyloid plaques and cerebrovas-
cular amyloid after approx 6 yr (65). Recently,
B-amyloid pathology was induced within a
period of 1-5 mo in transgenic mice overex-
pressing human BAPP (66). In this latter study,
Alzheimeric  cortical homogenates were
depleted of plaque cores, blood vessels, and tis-
sue debris by centrifugation; the supernatant
was diluted to 1% and injected unilaterally into
the hippocampus and neocortex of 3-mo-old
Tg2576 (67) BAPP-transgenic mice. Up until 4
wk post-injection, there was no AB-immunore-
activity in the brains of the transgenic mice; by
5 mo post-injection, however, the injected
hemisphere was rife with AP deposits (Fig. 4).
Immunoreactive AP was never found in
injected, nontransgenic littermate control ani-
mals, and the uninjected hemisphere of trans-
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genic mice contained only 10% of the
immunoreactive AP seen in the injected hemi-
sphere. The nature of the seed in the AD
extracts remains unknown. Furthermore, the
mice did not have other pathological or behav-
ioral characteristics of AD at 8 mo of age—there
was no evidence of behavioral dysfunction,
neurofibrillary pathology or neuronal loss.
However, the results show that A deposition
can be exogenously seeded by diseased human
brain extracts, and indicate possible commonal-
ities in the in vivo mechanisms by which pro-
teopathology amplifies in diverse diseases.

Treatment of the Proteopathies

The concept that disease can be caused by
the excessive accumulation of proteins is not
new, but the realization that morbidity can
result from components of the proteopathic
cascade other than the manifest tissue deposits
is gaining momentum. Indeed, proteopathic
processes may lie at the root of a surprising
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variety of chronic diseases. What are the
prospects for effective therapies for the pro-
teopathies? In fact, protein-targeting strategies
are already being investigated. In 1994, a mon-
oclonal antibody (MAb) to AP was first
reported to bind selectively to B-amyloid
deposits in the brains of living nonhuman pri-
mates, suggesting that AP antibodies might be
useful in the diagnosis and treatment of AD
(68; Fig. 5). However, to facilitate their entry
into the brain, the antibodies were delivered
directly into the CSF. Recently, Dale Schenk
and colleagues took the antibody approach to
therapy a significant step further, showing that
immunization with the AP peptide can dra-
matically reduce the cerebral AB load in BAPP-
transgenic mice (69). More recently, this group
found that passive immunization with exoge-
nous antibodies can stimulate the removal of
cerebral amyloid deposits by macrophages
(70). Obviously, similar strategies will be
applied to other proteopathies. Whether
immunization will be a practical and effective
treatment/preventive remains an open ques-
tion, but the results of clinical trials of AP-
immunization in AD are expected within the
next few years.

Polymerization tends not to occur below a
critical concentration of protein (59); once initi-
ated, AB-fibril extension is linearly dependent
on peptide concentration (71). The form of the
protein that injures cells and tissues is not yet
known with certainty, and may differ among
the proteopathies. Furthermore, whether toxic-
ity is owing to intracellular or extracellular
polymerization remains unclear. However,
reducing the production of the pathogenic
polypeptide is an attractive strategy for treat-
ing some proteopathies. For example, it now
appears that the long-sought proteases that lib-
erate AP from its precursor protein have finally
been identified (72-74), although the biology of
these secretases is far from understood. Secre-
tase inhibitors currently are leading candidates
for preventive or disease-modifying AD ther-
apy. One attraction of selectively inhibiting
protein production is that the entire proteo-
pathic cascade will be impeded (rather than a
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A B

Fig. 5. Neocortical B-amyloid deposits that have
been selectively labeled in vivo by MAb 10D5
infused into the cerebrospinal fluid of an aged rhesus
monkey. Immunoreactivity was confined to the effec-
tive diffusion distance of the antibody into the brain
parenchyma, and decreased in intensity with increas-
ing distance from the cortical surface (upper left). This
study provided the first evidence that MAbs might be
used to target cerebral amyloid deposits in the living
brain for diagnostic and therapeutic purposes (68).

later step in the aggregation process), increas-
ing the likelihood of averting the disease-caus-
ing state of the protein.

Another therapeutic option is to develop
small molecules that block the aggregation of
pathogenic proteins into toxic moieties (75).
Studies with larger molecules suggest that this
strategy is possible; for example, peptides can be
designed that will inhibit amyloid fibrillogenesis
(76,77), and existing aggregates can be dissoci-
ated in vitro by MAbs (78). Congo Red is a
highly effective inhibitor of amyloid fibrillogen-
esis in vitro (see 79), and also inhibits huntingtin
aggregation (80). In fact, Congo Red inhibits the
aggregation of many different amyloidogenic
proteins, regardless of their primary amino acid
sequence. This finding is not entirely unex-
pected, inasmuch as: 1) amyloid is defined by
staining and birefringence with Congo Red; and
2) X-ray diffraction analyses show that amyloid
fibrils of heterogeneous origins have common
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structural features, even in the absence of pri-
mary or tertiary structural homology among the
amyloidogenic peptides (17,81). A possible
advantage of aggregation inhibition, then, is that
a single active compound with the appropriate
pharmacokinetic profile might effectively treat
multiple proteopathies.

The misfolding and aberrant polymerization
of proteins in vivo does not occur in isolation;
numerous auxiliary factors participate in the
process (60), but their validity and practicality as
therapeutic targets are not yet established. For
example, osmotic, thermal, and oxidative stress
all can disrupt the folding of proteins into their
normal three-dimensional configurations (82),
and pH is an important regulator of protein sta-
bility (17). An interesting array of substances are
associated with protein deposits in vivo and
appear to variously modulate their assembly
and/or persistence. Serum amyloid P compo-
nent and heparan sulfate proteoglycan, among
other proteins, are bound to all types of amyloid
(39,60). Serum amyloid A deposition is delayed
in mice deficient in serum amyloid P (83). In
addition, compounds that block the interaction
of heparan sulfate proteoglycan with amyloid
can inhibit amyloidogenesis (60). It should be
noted that some molecular chaperones may
inhibit the pathogenic process. Increased levels
of the 70-kDa heat-shock protein (HSP70), a
chaperone protein for Cu/Zn-superoxide dis-
mutase, (SOD), diminish the formation of SOD
aggregates and increase neuronal survival in
vitro (84). Finally, tissue transglutaminase modi-
fies proteins by transamidation of specific
polypeptide-bound glutamines. The resulting
bonds covalently cross-link and polymerize pep-
tides into high molecular weight, more proteoly-
sis-resistant protein aggregates, and may
participate in the formation and/or stabilization
of amyloid deposits and paired helical filaments
(14,15). Inhibitors of transglutaminase reduce
polyglutamine aggregate formation and associ-
ated apoptosis in cultured COS-7 cells (85), and
could find broad use as anti-proteopathic agents.

Enhancing the cell’s ability to subdue aggre-
gation-prone proteins also would be expected
to reduce pathology. The endoplasmic reticu-
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lum (ER) orchestrates the production and fold-
ing of myriad proteins; those that are not prop-
erly folded are eliminated by endoplasmic
reticulum-associated degradation (86). If over-
whelmed by unfolded proteins, as can happen
with an overabundance of misfolded mutant
proteins, the ER stress response is activated,
which can be toxic to the cell. Enhancing the
ability of the ER to deal with misfolded pro-
teins, or inhibiting the endoplasmic reticulum
stress response, could diminish proteopathic
cytotoxicity. Similarly, manipulating the ability
of proteasomes and/or aggresomes to cope
with misfolded proteins (82) also is a theoreti-
cal therapeutic option, as is the augmentation
of particular catabolic pathways (87).

Ubiquitination marks proteins that are des-
tined for intracellular degradation, and is a
regular component of proteopathic lesions of
the nervous system (21; Fig 1C). In transfected,
cultured striatal neurons, reduction of protein
ubiquitination increased cellular toxicity even
though it eliminated nuclear huntingtin aggre-
gates (88); as with the amyloidoses, the results
suggest that the aggregates themselves are rel-
atively benign manifestations of a more insidi-
ous cytopathic process that is executed by
pre-fibrillar structures. Interestingly, the famil-
ial Parkinson’s disease (PD) gene product
parkin turns out to be a ubiquitin protein lig-
ase; disease-causing mutations in this enzyme
reduce its activity, leading to a toxic increase in
(as yet unidentified) cellular proteins (89).

Conclusions

Pathological, genetic, and biochemical data
implicate the abnormal assembly of specific
proteins in the pathophysiology of a remark-
able array of neurodegenerative diseases. Pre-
cisely how the proteopathic cascade induces
clinical disease, and why the disorders exhibit
such remarkable phenotypic variability,
remain to be clarified. Our growing under-
standing of the proteopathies suggests several
therapeutic goals: 1) reduce the amount of
pathogenic protein; 2) inhibit the binding of
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proteins to themselves or to pathological chap-
erones; or 3) enhance cellular protein-clearance
mechanisms. Recognition of the commonalities
among the proteopathies should stimulate
communication across seemingly disparate
research areas, and thereby accelerate the dis-
covery of preventives or treatments for a broad
spectrum of neurodegenerative diseases.
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