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Abstract

The abnormal aggregation of proteins into fibrillar lesionsis a
neuropathological hallmark of several sporadic and heredi-
tary neurodegenerative diseases. For example, Lewy bodies
(LBs) are intracytoplasmic filamentous inclusions that
accumulate primarily in subcortical neurons of patients with
Parkinson’s disease (PD), or predominantly in neocortical
neuronsinasubtype of Alzheimer’s disease (AD) known as the
LB variant of AD (LBVAD) and in dementia with LBs (DLB).
Aggregated neurofilament subunits and «-synuclein are major
protein components of LBs, and these inclusions may
contribute mechanistically to the degeneration of neurons in
PD, DLB and LBVAD. Here we review recent studies of the
protein building blocks of LBs, as well as the role LBs play in
the onset and progression of PD, DLB and LBVAD. Increased
understanding of the protein composition and pathological
significance of LBs may provide insight into mechanisms of
neuron dysfunction and death in other neurodegenerative
disorders characterized by brain lesions containing massive
deposits of proteinacious fibrils.

Keywords: Lewy bodies; dementia; neurofilaments; Parkinson’s
disease; synuclein

Abbreviations: Af, i-amyloid peptide; AD, Alzheimer’s disease;
DLB, dementia with Lewy bodies; FAD, familial AD; GOls, glial cell
inclusions; LBs, Lewy bodies; LBVAD, LB variant of AD; MAbs,
monoclonal antibodies; MSA, multiple system atrophy; NAC, non-
A component; NACP, NAC precursor protein; NF, neurofilaments;
NFTs, neurdfibrillary tangles; PNP14, phosphoneuronoprotein 14;
SPs, senile plaques

Abnormal protein-protein interactions that result in the
formation of intracellular and extracellular aggregates of
proteinacious fibrils are a common neuropathological feature
of several different sporadic and hereditary neurodegenera-
tive diseases (for recent reviews, see Goedert et al, 1997;
Lansbury, 1997; Tu et al, 1997a; Trojanowski et al, 1998).
This is exemplified by the intranuclear neuronal inclusions that
are formed by the aggregation of mutant proteins harboring
abnormally expanded polyglutamine tracts in hereditary tri-
nucleotide repeat disorders, the intracytoplasmic neurofibril-
lary tangles (NFTs) as well as the extracellular amyloid
plaques in sporadic and familial Alzheimer's disease (AD),
and by the prion protein deposits in the brains of patients with
a sporadic or genetic form of spongiform encephalopathy.
Indeed, increasing evidence (see for example Pollanen et al,
1993b; Goedert et al, 1997; Lansbury, 1997; Tompkins et al,
1997; Tu et al, 19974, b; Igarashi et al, 1998; Martindale et al,
1998; Poorkaj et al, 1998; Trojanowski et al, 1998; Vogel,
1998) suggests that abnormal protein-protein interactions
and/or the lesions that result from the aggregation of these
proteins could play a mechanistic role in the dysfunction and
death of neurons in several common neurodegenerative
diseases (see Table 1).

Although Lewy bodies (LBs) are regarded as hallmark
intracytoplasmic neuronal inclusions of Parkinson’s disease
(PD), they also occur commonly in the brains of patients
with the typical clinical and pathological features of AD, and
these cases are designated as the LB variant of AD
(LBVAD) (for reviews, see Pollanen et al, 1993b; McKeith
et al, 1996; Hansen and Samuel, 1997; Trojanowski et al,
1998). Further, numerous cortical LBs are the defining brain
lesions of a neurodegenerative disorder known as dementia
with LBs (DLB), which is similar to AD clinically, but distinct
from AD pathologically because NFTs and senile plaques
(SPs) are rare or completely absent in DLB brains
(Pollanen et al, 1993b; McKeith et al, 1996; Hansen and
Samuel, 1997; Trojanowski et al, 1998). Thus, LBVAD also
may reflect the co-occurrence of AD and DLB in the same
patient. LBs contain masses of 7-25nm in diameter
filaments that appear similar to neurofilaments (NFs) by
electron microscopy, but the precise molecular composition
of LBs is unclear, and their role in the degeneration of
neurons in PD, DLB and LBVAD.

Recent reports of familial PD kindreds with mis-sense
mutations in the «-synuclein gene (Polymeropoulos et al,
1997; Kruger et al, 1998), as well as the demonstration
that a-synuclein, but not f-synuclein, is a major component
of LBs in sporadic PD, DLB and the LB variant of
AD (Spillantini et al, 1997b; Wakabayashi et al, 1997;
Baba et al, 1998; Irizarry et al, 1998; Takeda et al, 1998)
open up new avenues of research on these disorders.



Table 1 Neurodegenerative diseases characterized by filamentous lesions
formed from aggregated peptides/proteins

Disease Lesion/components Location

AD* SPs/Af, NAC

Extracellular

NFTs/PHTtau Intracytoplasmic
Amyotrophic lateral Spheroids/NF subunits  Intracytoplasmic
sclerosis
DLB# LBs/NF subunits, Intracytoplasmic
a-synuclein
LBVAD (AD+DLB)# SPs/AB, NAC Extracellular
NFTs/PHFtau Intracytoplasmic
LBs/NF subunits, Intracytoplasmic
a-synuclein

MSA# GCls/a-synuclein

Neuronal intranuclear  Inclusions/expanded
inclusion disease polyglutamine tracts

PD# LBs/NF subunits,
a-synuclein

Amyloid plaques/prions

NFTs/AD-like PHFtau

Inclusions/expanded
polyglutamine tracts

Intracytoplasmic
Intranuclear

Intracytoplasmic
Extracellular

Intracytoplasmic
Intranuclear

Prion diseases

Tauopathies™

Tri-nucleotide repeat
diseases

This table summarizes hereditary and sporadic neurodegenerative disorders
characterized by distinct filamentous brain lesions that accumulate in the
extracellular space or within cells (e.g. neurons, glial cells). The dominant
structural components of these lesions are indicated. *AD is a heterogeneous
dementing disorder that includes several variants (i.e. sporadic AD, FAD,
LBVAD, tangle predominant AD), but they partially overlap with the tauopathies,
a diverse group of sporadic and hereditary neurodegenerative diseases that
share similar neuropathological abnormalities, i.e. intracytoplasmic inclusions (in
neurons and/or glial cells) composed of hyperphosphorylated tau proteins
incorporated into abnormal filaments (Goedert et al, 1997; Spillantini et al,
1997a). Some well characterized ‘tauopathies’ are: progressive supranuclear
palsy, Pick’s disease, corticobasal degeneration, familial frontotemporal dementia
and parkinsonism linked to chromosome 17 (FTDP-17) and Guam amyotrophic
lateral sclerosis/parkinsonism dementia complex. Although the mechanisms
leading to tau pathology in these disorders are poorly understood, pathogenic
missense mutations in exons and introns of the tau gene have been detected in
autosomal dominantly inherited FTDP-17 (Hutton et al, 1998; Poorkaj et al,
1998; Vogel, 1998). #Increasing insights into the role a-synuclein plays in these
disorders may result in a reclassification of these diseases as different types of
‘a-synuclein proteinpathies’

Indeed, these reports are likely to stimulate more
extensive studies of the abnormal protein-protein interac-
tions that result in the formation of LBs as well as a re-
assessment of the role LBs play in the pathogenesis of
these disorders (Chase, 1997; Goedert, 1997; Heintz and
Zoghbi, 1997; Lansbury, 1997). Since the mutations
described in familial PD lead to an Ala to Thr substitution
at position 53 (A53T) or an Ala to Pro substitution at
position 30 (A30P) in the a-synuclein protein, these
mutations could alter the biophysical properties of o-
synuclein, a poorly understood protein that is expressed
primarily in neurons where it is localized predominantly at
axon terminals or synapses.

Synuclein was identififed initialy in Torpedo electropla-
ques (Maroteaux et al, 1988), and in the rat brain
(Maroteaux and Scheller, 1991). Subsequently, a fragment
of the 140 amino acid long human «-synuclein protein was
reported to be present in some amyloid plaques of AD brains
(Ueda et al, 1993), and follow up studies suggested that this
peptide or its precursor might contribute to the fibrillogenesis
of the f-amyloid peptide (Af) in SPs (Yoshimoto et al, 1995;
Weinreb et al, 1996; Jensen et al, 1997). This peptide
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fragment of human a-synuclein was designated the non-Ap
component (NAC) of amyloid plaques while the precursor
protein of the NAC peptide was called NACP (Ueda et al,
1993; lwai et al, 1995). Human p-synuclein also was
identified, and it is a 134 amino acid long protein with
homologies to human a«-synuclein (Jakes et al, 1994;
Goedert, 1997). However, human o- and f-synucleins are
encoded by different genes located on chromosomes 4
(4921) and 5 (5q035), respectively (Campion et al, 1995;
Chen et al, 1995; Shibashi et al, 1995; Spillantini et al,
1995). Further, the bovine homologue of human f-synuclein
has been characterized and it is known as phosphoneur-
onoprotein 14 or PNP14 (Nakajo et al, 1990; 1993; 1996;
Shibayama-lmazu et al, 1993), while the song bird
homologue of human synuclein is known as synelfin, and
anti-synelfin antibodies crossreact with mammalian synu-
cleins (George et al, 1995; Irizarry et al, 1996; Withers et al,
1997). Although the existence of other synuclein-like
proteins has been reported, the cellular and regional
distribution of these polypeptides in the brain has not been
well characterized (Akopian et al, 1995; Ji et al, 1997).

Despite uncertainties about the normal function of «-
synuclein in neurons, the A53T and A30P mutations in
human «-synuclein appear to be the cause of familial PD in
a small subset of known kindreds with this hereditary
disorder (Polymeropoulos et al, 1997; Kruger et al, 1998).
Thus, it is reasonable to speculate that these mis-sense
mutations may predispose the normally soluble and
randomly structured o-synuclein protein to aggregate or
interact aberrantly with itself or other proteins (e.g. NF
subunits) leading to the formation of filaments that
aggregate into LBs and contribute to the degeneration of
affected neurons in familial PD.

The recent reports of the widespread presence of o-
synuclein in perikaryal LBs and in dystrophic neuronal
processes of the brains of patients with sporadic PD, DLB
and LBVAD is highly significant for understanding the
pathogenesis of these disorders because this finding
implies that wild-type o-synuclein also may aggregate by
itself or with other proteins into LBs and dystrophic neurites
even in the absence of a mutation (Spillantini et al, 1997b;
1998; Wakabayashi et al, 1997; Baba et al, 1998; Irizarry et
al, 1998; Takeda et al, 1998). Indeed, recent immunohisto-
chemical studies indicate that antibodies to «-synuclein
reveal a much more extensive network of dystrophic
processes (so-called ‘Lewy neurites’) in the brains of
patients with sporadic DLB, PD and LBVAD than had been
demonstrated previously with antibodies to NF proteins or
other polypeptides contained within LBs (for example, see
Goldman et al, 1983; Dickson et al, 1991; 1994; Hill et al,
1991; Schmidt et al, 1991; 1996; Pollanen et al, 1993b;
Iwatsubo et al, 1996; Galvin et al, 1997; Trojanowski et al,
1998). These Lewy neurites were reported first in the CA2/3
region of the hippocampus, and this novel neuritic pathology
appeared to be restricted to LB disorders (Dickson et al,
1991). A subsequent immunohistochemical study demon-
strated extensive similarities between the profile of
immunodetectable polypeptides in LBs and Lewy neurites
suggesting that both lesions result from a common
pathogenic mechanism (Dickson et al, 1994).
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However, filamentous inclusions with abundant o-
synuclein immunoreactivity are not restricted to classic
LB diseases such as PD, DLB and LBVAD. For example,
the postmortem brains of individuals with familial AD
(EAD) due to autosomal dominant mutations in the
Presenilin 1, Presenilin 2 or the Ap precursor protein
genes contain variable numbers of a-synuclein positive
LBs, especially in the amygdala (Lippa et al, 1998).
Notably, LBs also are abundant in the amygdala of
patients with sporadic AD (Schmidt et al, 1996).
Surprisingly, a-synuclein also is a major component of
the filamentous glial cell inclusions (GCls) that are
abundant in the white matter oligodendroglial cells of
multiple system atrophy (MSA) brains, and these white
matter GCIs are diagnostic hallmarks of this complex of
syndromes which is comprised of a small group of rare but
similar neurodegenerative movement disorders (Tu et al,
1998). Thus, the accumulation of «-synuclein into
filamentous inclusions could play a mechanistic role in
the pathogenesis of a number of progressive neurological
disorders in addition to PD, DLB, FAD, LBVAD, sporadic
AD and MSA.

The mechanisms that might account for the accumula-
tion of a-synuclein into filamentous inclusions in sporadic
neurodegenerative diseases remain to be determined, but
it is possible that genetic risk factors as well as
epigenetic events could perturb the metabolism or
solubility of «-synuclein, or influence the interactions of
a-synuclein with itself as well as with other neuronal
proteins in disorders such as PD and DLB. As a
consequence thereof, w«-synuclein could accumulate in
Lewy neurites or as filamentous aggregates in perikaryal
LBs. Further, it is plausible that these lesions could
compromise the survival of affected neurons in these non-
hereditary LB disorders. Thus, in addition to expanded
polyglutamine tracts, NF proteins, prions, tau and Af
(Goedert et al, 1997; Lansbury, 1997; Tu et al, 19973;
Lieberman et al, 1998; Poorkaj et al, 1998; Trojanowski et
al, 1998; Vogel, 1998), a-synuclein now has entered the
research arena as player in the formation of fibrillar brain
lesions that may result from abnormal protein-protein
interactions in sporadic and hereditary neurodegenerative
diseases.

Until recently, most of the major insights into the
composition of LBs have come from reports on immuno-
histochemical studies of LBs published over the past 15
years (for reviews, see Pollanen et al, 1993b; Trojanowski
et al, 1998). For example, NF subunits were among the first
neuronal proteins detected in LBs of the PD brain
(Goldman et al, 1983). Since NFs are the major class of
intermediate filaments in neurons and they are hetero-
polymers of three distinct subunit proteins, these initial
findings were extended in subsequent immunihistochemical
epitope mapping studies of LBs (Hill et al, 1991; Schmidt et
al, 1991). Briefly, using a large library of >300 monoclonal
antibodies (MABs) specific for defined protein domains in
each of the three NF subunits, it was shown that cortical
and subcortical LBs share a similar profile of NF protein
epitopes, and that the topographical distribution of these
epitopes spanned nearly the entire extent of each of the

three NF subunits. Thus, these studies provided indirect
evidence suggesting that very large segments of each of
the NF triplet proteins were incorporated into LBs.

Although antibodies to ubiquitin label more LBs than
antibodies to NF subunits, many different lesions within and
outside the brain (e.g. NFTs, SPs, Rosenthal fibers, Mallory
bodies, Pick bodies, etc.) are labeled by anti-ubiquitin
antibodies (Pollanen et al, 1993b; Trojanowski et al, 1998).
This may be explained by the fact that many abnormal
proteins are targeted for degradation by ubiquitination, a
process whereby ubiquitin (a 76 amino acid long protein) is
conjugated through an isopeptide bond between its carboxy
terminal glycine and the ¢-amino group of lysine in the
protein that is being targeted for degradation. Thus, the
detection of ubiquitin immunoreactivity in a lesion probably
reflects the activation of the ubiquitin pathway to eliminate
damaged proteins in a degenerating neuron. Accordingly,
ubiquitin positivity is not specific for LBs.

While considerable attention has been focused on
research into the role of NF proteins and ubiquitin in
the pathogenesis of LBs, a large number of other
neuronal proteins also have been detected in LBs by
immunohistochemistry (Pollanen et al, 1993b; Trojanowski
et al, 1998). However, it is likely that many proteins
become trapped non-specifically in the mesh of filaments
that aggregate into LBs, but these proteins are not
essential LB components. Nonetheless, some of these
proteins may play a significant role in the formation of
LBs even though they are not structural elements of LB
filaments. For example, accessory proteins could function
as pathological chaperones or co-factors at different
stages in the formation of LBs by promoting abnormal
protein-protein interactions, augmenting fibrillogenesis or
facilitating the progressive aggregation of abnormal
filaments into increasingly large inclusions that eventually
become recognizable as LBs.

To gain further insight into the pathobiology of LBs,
methods for the purification of these inclusions from the
postmortem brains of patients with LBs disorders were
developed, and this has enabled the generation of MABs to
LB proteins. The initial efforts to purify LBs provided
evidence which supported the findings from earlier
immunohistochemical studies suggesting that NF proteins
are present in LBs (Pollanen et al, 1992; 1993a; 1994).
Consistent with these results, subsequent studies designed
to generate MAbs specific for proteins in purified LBs also
demonstrated the presence of NF subunits and ubiquitin in
LBs (lwatsubo et al, 1996; Galvin et al, 1997). More
recently, an MAb (LB509) raised to LBs purified from DLB
cortex was shown to specifically recognize human o-
synuclein (Baba et al, 1998). Significantly, the LB509
MADb strongly labeled numerous cortical as well as
subcortical LBs and dystrophic Lewy neurites, and it also
decorated LB filaments in immuno-electron microscopic
studies. Further, LB509 detected normal, partially degraded
as well as aggregated forms of a-synuclein in Western blots
of highly purified LBs. Thus, these data provide compelling
evidence that «-synuclein is a major structural component
of LBs and the dystrophic Lewy neurites in sporadic PD,
DLB and LBVAD.



Additional MAbs raised to purified LBs like LB509 should
facilitate efforts to elucidate the biochemical composition of
these neuronal inclusions, and this information could be
exploited to determine how LBs form, and whether or not
they contribute to the degeneration of affected neurons in
LB disorders. Further, anti-LB MAbs could be used to
develop assays for the early antemortem diagnosis of LB
disorders by monitoring the levels of LB proteins in blood,
urine, cerebrospinal fluid or other bodily fluids in patients
and controls. Although information on the biological
consequences of LB formation is incomplete, studies of
human LB disorders and transgenic mice that develop NF
rich LB-like abnormalities support the notion that these
filamentous inclusions could lead to the death of affected
neurons (Tu et al, 1997a; b; Trojanowski et al, 1998).
However, the refinement and use of methods for the
purification and analysis of LBs isolated from postmortem
brain tissue should accelerate efforts to dissect the building
blocks of LB filaments and to identify other components
that contribute to the formation of LBs.

Further understanding of the biological significance of
LBs in patients with PD or DLB should emerge more
quickly now as the pace of research on these inclusions
accelerates. This is especially important following the
discovery that o-synuclein is mutated in familial PD
(Polymeropoulos et al, 1997; Kruger et al, 1998), and that
wild-type «-synuclein is a major component of LBs in
sporadic PD, DLB and LBVAD (Spillantini et al, 1997b;
Wakabayashi et al, 1997; Baba et al, 1998; lrizarry et al,
1998; Takeda et al, 1998), including the abnormal filaments
that dominate the ultrastructural images of LBs (Baba et al,
1998). For example, future studies should seek to
determine how: (1) Aberrant protein-protein interactions
between «-synuclein and itself, or with NFs and other
neuronal proteins lead to the abnormal accumulation of
these proteins into pathological LBs in PD, DLB and
LBVAD; (2) Mutations in FAD genes lead to LB formation
in the brains of affected members of these kindreds; (3)
Fragments of a-synuclein (i.e. NAC) contribute to amyloi-
dogenesis in AD; (4) a-synuclein, a predominantly neuronal
protein, accumulates into the filamentous GClIs of white
matter oligodendroglia of MSA.

Equally important are additional studies to determine
whether or not LBs compromise the function and viability
of neurons in PD, DLB and LBVAD. For example, studies
of several animal models of motor neuron disease in
which the accumulation of NF-rich perikaryal inclusions
precedes the degeneration of affected motor neurons (Tu
et al, 1997a), as well as studies of a transgenic mouse
model in which LB-like inclusions compromise the long
term survival of a subset of affected neurons (Tu et al,
1997b) suggest the possibility that LBs play a mechanistic
role in the degeneration of neurons. Indeed, there is
evidence that LB containing neurons may undergo
apoptosis in the PD brain (Tompkins et al, 1997), and
that the burden of LBs in neocortex correlates with
dementia (Samuel et al, 1996). While these observations
need to be extended, the demonstration that expanded
polyglutamine tracts form filamentous inclusions which
induce apoptotic cell death lends credence to the notion
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that apoptosis could be a consequence of these distinctive
intracellular lesions (lgarashi et al, 1998; Martindale et al,
1998). However, as summarized in other reviews here
(Friedlander and Yuan, 1998; Sadoul, 1998), it is
becoming increasingly evident that the mechanisms
underlying apoptotic cell death in the nervous system are
highly complex, and that apoptosis may contribute to the
massive loss of neurons in a number of different
neurodegenerative disorders.

If LBs and/or dystrophic Lewy neurites are proven to
compromise the long term survival of at least some affected
neurons, it is important to realize that these lesions could
have a deleterious effect on the function of neurons even if
they do not degenerate completely and disappear. For
example, the axons of LB-containing nigral and cortical
neurons might undergo a ‘dying back’ process due to: (1) A
disruption of perikaryal transport mechanisms by LBs that
form in neuronal cell bodies; (2) A blockage of axonal
transport by proteins that aggregate in the plethora of
dystrophic Lewy neurites that are detected by immunohis-
tochemistry using antibodies to o-synuclein. Thus, these
pathological events could lead to the degeneration of the
axons and/or dendrites of the affected neurons even if the
cell bodies of these neurons somehow survive for some
period of time after they acquire a LB. Significantly, this
could lead to a functional or physical disconnection of
neuronal circuits (e.g. those linking the substantia nigra
with the striatum or one cortical region with another) in the
brains of patients with PD, DLB and LBVAD. Obviously, the
development of transgenic mouse models of LBs based on
the over expression of wild-type or mutant human o-
synuclein should facilitate studies to determine if LBs have
deleterious consequences on the health or long term
viability and function of affected neurons and their
processes.

Accordingly, a resurgence in efforts to elucidate the
pathobiology of LBs may lead to improved strategies for the
antemortem diagnosis and treatment of PD, DLB and the
variant of AD that is associated with abundant cortical LBs.
Equally significant, further insights into these issues could
clarify mechanisms of neuronal and glial pathology in other
neurodegenerative diseases characterized by brain lesions
formed from aggregates of proteinacious filaments (see
Table 1). Indeed, the aggregation of brain proteins into
potentially toxic lesions (hence the reference to ‘fatal
attractions’ in the title of this review) is emerging as a
common mechanistic theme in a diverse group of
neurodegenerative diseases that share an enigmatic
symmetry, i.e. mis-sense mutations in the gene encoding
the disease protein cause a familial variant of the disorder
as well as its hallmark brain lesions, but the same brain
lesions also can be formed by the corresponding wild-type
protein in a sporadic form of the disease (Goedert et al,
1997; Lansbury, 1997; Tu et al, 1997a; Lieberman et al,
1998; Poorkaj et al, 1998; Trojanowski et al. 1998; Vogel,
1998). Thus, it is likely that clarification of this enigmatic
symmetry in any one of these disorders will have a
profound impact on understanding the mechanisms that
underlie all of these disorders as well as on efforts to
develop novel therapies to treat them.
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