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Brief Communications

Presynaptic a-Synuclein Aggregates, Not Lewy Bodies, Cause
Neurodegeneration in Dementia with Lewy Bodies

Michael L. Kramer and Walter J. Schulz-Schaeffer

Prion and Dementia Research Unit, Institute of Neuropathology, University of Goettingen, 37075 Goettingen, Germany

Lewy bodies, the pathological hallmark of dementia with Lewy bodies (DLB), are large juxtanuclear inclusions of aggregated a-synuclein.
However, the small number of cortical Lewy bodies relative to the total neuron count does not correlate with the extent of cognitive
impairment. In contrast to dopaminergic neurons in Parkinson’s disease, nerve cell loss is usually less prevalent in the cortex of DLB,
suggesting a different mechanism of neurodegeneration.

Because antibodies used for immunodetection per se do not generally differentiate the aggregated from the physiological and mono-
meric isoform of a-synuclein, we developed the paraffin-embedded tissue (PET) blot and the protein aggregate filtration (PAF) assay for
the sensitive and selective detection of a-synuclein aggregates in tissue slides and brain homogenates, respectively.

In contrast to common immunohistochemistry, the PET blot detected an enormous number of small a-synuclein aggregates, which, in
contrast to the few Lewy bodies, may explain the cognitive impairment in DLB. Using the PAF assay, we demonstrate that the absolute
majority of a-synuclein aggregates are located at presynaptic terminals, suggesting a severe pathological impact on synaptic function.
Indeed, parallel to the massive presynaptic accumulation of a-synuclein aggregates, we observed significant synaptic pathology with
almost complete loss of dendritic spines at the postsynaptic area.

Our results provide strong evidence for a novel concept of neurodegeneration for DLB in which synaptic dysfunction is caused by
presynaptic accumulation of a-synuclein aggregates. This concept may also be valid for Parkinson’s disease.
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Introduction

Dementia with Lewy bodies (DLB) is the second most common
cause of dementia (~25%) after Alzheimer’s disease (Perry et al.,
1990). DLB is characterized by cognitive impairment and motor
dysfunction (Burn, 2004). Parkinson patients primarily affected
by progressive motor dysfunction may develop dementia indis-
tinguishable from DLB with an incidence of 20-40% (Burn,
2004). However, in contrast to Parkinson’s disease (PD), which is
thought to be caused by the loss of dopaminergic neurons in the
substantia nigra (Olanow and Tatton, 1999), nerve cell loss is
usually less prevalent in the cortex of DLB, suggesting a different
mechanism of neurodegeneration.

Both DLB and PD are diagnosed postmortem by the histolog-
ical detection of Lewy bodies. These are large intraneuronal pro-
tein aggregates localized near the nucleus and mainly consisting
of a-synuclein (Spillantini et al., 1997). However, although Lewy
bodies are pathological hallmarks of DLB, they are often found in
cases without any clinical signs of dementia (Hughes et al., 1992;
Parkkinen et al., 2005). Moreover, the number of cortical Lewy
bodies relative to the total neuron count does not correlate with

Received Oct. 20, 2006; revised Dec. 8, 2006; accepted Dec. 30, 2006.
This work was supported by the VolkswagenStiftung (ZN1294). We thank Manuela Becker and Tatjana Pfander
for excellent technical assistance. We are grateful to U. Hahmann for critical discussions.
Correspondence should be addressed to Michael L. Kramer or Walter J. Schulz-Schaeffer at the above address.
E-mail: mkramer@med.uni-goettingen.de or wjschulz@med.uni-goettingen.de.
DOI:10.1523/JNEUR0SCI.4564-06.2007
Copyright © 2007 Society for Neuroscience  0270-6474/07/271405-06%15.00/0

the severity of clinical symptoms and disease duration (Gomez-
Tortosa et al., 1999). We therefore hypothesized that DLB might
be caused by a-synuclein aggregates other than Lewy bodies,
which are only detectable by more sensitive and specific methods.

The few small a-synuclein aggregates observed in axonal ter-
minals preceding the formation of Lewy bodies in DLB (Marui et
al., 2002) gave rise to the idea that Lewy bodies are formed by an
aggresome-related process as a general cytoprotective measure in
which smaller a-synuclein aggregates are sequestered from the
neuronal periphery by active retrograde transport on microtu-
bules (Kopito, 2000; McNaught et al., 2002). In contrast to jux-
tanuclear Lewy bodies, native a-synuclein is localized at presyn-
aptic terminals (Hsu et al., 1998; Murphy et al., 2000) where it
exerts its physiological function (Chandra et al., 2005). Together
with the fact that presynaptic terminals are the physiologically
most active compartments of neurons, it would seem to suggest
that presynaptic terminals are the sites of a-synuclein
aggregation.

Materials and Methods

Paraffin-embedded tissue blotting. Deparaffinized and dried tissue sec-
tions layered on nitrocellulose membranes were prewetted and digested
with 250 pg/ml proteinase-K in digestion buffer (10 mm Tris-HCl, pH
7.8, 100 mm NaCl, and 0.1% Brij 35) for 8 h at 55°C. After washing, the
membranes were treated for 10 min with 3 M guanidine isothiocyanate in
10 mM Tris-HCI, pH 7.8, for optimal epitope retrieval. Immunodetection
of a-synuclein aggregates (LB509, epitope 115-122, 1:10,000 for 1 h;
Zymed, Berlin, Germany) was performed with alkaline phosphatase-
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coupled rabbit anti-mouse antibody as a sec-

ondary antibody. Aggregates were visualized by A :
the formazan reaction using 0.0675% (w/v)
nitro-blue tetrazolium chloride (Roche, Mann-
heim, Germany) and 0.033% (w/v) 5-bromo-
4-chloro-3'-indoyl-phosphate p-toluidine salt
(Roche) in NTM buffer (10 mm Tris-HCI, pH
9.5, 100 mm NaCl, and 50 mm MgClL,).

Protein aggregate filtration assay. Brain sam-
ples from the gyrus frontales medialis were ho- 3 -
mogenized in 9 vol (w/v) of MSE buffer (10 mm . :
MOPS/KOH, pH 7.4, 0.32 M sucrose, 1 mm 25 -
EGTA, and 1 mm EDTA) including protease
inhibitors (1 mm PMSF, 0.2 mm N-tosyl-L-
phenylalanine chloromethyl ketone, and 0.2
mMm N-tosyl-L-lysine chloromethyl ketone).
After centrifugation at 16,000 X g for 5 min, the
pellet fractions were subjected to digestion with
DNase I in 4% SB14 (N-tetradecyl-N,N-
dimethyl-3-ammonio-1-propane sulfonate)
for 15 min at 37°C. All samples were adjusted to
a final concentration of 5% sodium lauryl sul-
fate (SLS) and sucked through a blocked nitro-
cellulose membrane (0.2 um pore size). After
filtration, each slot was washed with 0.1% SDS.
Immunoreactivity of «-synuclein aggregates
(LB509, 1:10,000 for 1 h) was visualized by
chemiluminescence using a secondary HRP-
coupled goat anti-mouse antibody.

Sucrose gradient analysis of a-synuclein aggre-
gates. For the separation of a-synuclein aggre-
gates of cortical brain homogenates from the
gyrus frontales medialis, a sucrose step-
gradient was prepared overlaying 2.2 m with 1.4
M and finally with 1.2 M sucrose in volume ra-
tios of 3.5:8:8 (v/v) (Iwatsubo et al., 1996). The
tissue was rapidly thawed and homogenized in ice-cold MSE buffer in-
cluding protease inhibitors by 12 strokes at 900 rpm with a Potter-
Elvehjem tissue grinder (Wheaton Science Products, Millville, NJ). The
homogenate was adjusted to 1.0 M sucrose and carefully layered on the
gradient. The gradients were centrifuged at 160,000 X g for 3 h using a
SW32.1 rotor (Beckman, Fullerton, CA). Fractions of the gradient were
collected from the bottom.

For more detailed analysis of the synaptosomal fraction, the corre-
sponding fractions were diluted threefold and centrifuged at 16,000 X g
for 15 min. The pellet was resuspended in cold 320 mm sucrose contain-
ing 5 mm HEPES/NaOH, pH 7.4. For hypotonic lysis, the suspension was
diluted 10-fold with cold water and incubated for 45 min on ice. The
suspension was homogenized and applied to a sucrose step-gradient con-
taining 2.2, 1.4, 1.2, 1.1, and 0.8 M sucrose at a ratio of 2.5:6:6:6:6 (v/v).
The gradient was centrifuged in a SW32.1 rotor at 160,000 X g for 5 h.

The gradients were fractionated from the bottom and analyzed for
a-synuclein aggregates with the protein aggregate filtration (PAF)
method. Fractions were adjusted to 5% SLS, sucked through a blocked
nitrocellulose membrane, and developed as described above.

For additional methods, see the supplemental material (available at
WWW.jneurosci.org).

Figure 1.

Results

Detection of a-synuclein aggregates other than Lewy bodies
Because immunohistochemistry is used for the morphological
analysis of native a-synuclein (Hsu et al., 1998), as well as for
aggregates, existing a-synuclein aggregates could not be differen-
tiated from physiological a-synuclein at synaptic terminals. We
therefore developed a method originally applied to prion diseases
for the selective and sensitive detection of protein aggregates in
tissue slides, the so-called paraffin-embedded tissue (PET) blot
(Schulz-Schaeffer et al., 2000). The PET blotting method allows

Kramer and Schulz-Schaeffer @ Presynaptic c-Synuclein Aggregates

co

Revealing previously undetectable, small granular c-synuclein aggregates with the PET blot. A, Common immuno-
histochemistry (LB509) identifies only ce-synuclein deposits (dark red) as Lewy bodies (arrows) and few Lewy neurites (dots or
threads). B, ¢, Compared with a control (B), the PET blot method detects diffuse ce-synuclein aggregates in the frontal cortex (co)
of the gyrus cinguli but not in the white matter (wm). The enormous number of ae-synuclein aggregates is visible as a dark brown
color reaction throughout the cortexin DLB. D, The magnification (see box in €) shows that the majority of c-synuclein aggregates
other than Lewy bodies (arrows) form fine granular deposits. E, The virtual fluorescence image of the PET blot section (box in D)
created by digital processing clearly demonstrates that the fine granular ce-synuclein aggregates are much smaller compared with
Lewy bodies (arrow). Scale bars: 4, 50 um; D, 20 um; E, 10 um.

the selective detection of protein aggregates, because non-
aggregated proteins are degraded by a proteinase-K treatment.

At present, the neuropathological diagnosis of DLB depends
on histological detection of Lewy bodies in the cortex and brain
stem. These are best visualized by immunohistochemistry using
a-synuclein antibodies (Fig. 1A). In contrast to immunohisto-
chemical staining, the PET blot method adapted to the detection
of a-synuclein aggregates additionally shows massive deposits of
diffuse aggregates in the cortical and subcortical gray matter (Fig.
1C). Here, the cingulate gyrus and gyrus frontales medialis were
used because they are scoring areas for the neuropathological
diagnosis (McKeith et al., 1996). Magnified, the diffuse aggre-
gates become visible as fine granular deposits (Fig. 1 D), which are
smaller than the also-visible Lewy bodies (Fig. 1 E). This pattern is
significantly different from immunohistochemistry even using
an antibody against phosphorylated a-synuclein (Fujiwara et al.,
2002). As opposed to Lewy bodies, the enormous number of
small a-synuclein aggregates may explain the cognitive impair-
ment in DLB. However, the origin of these small granular aggre-
gates and how they induce neuronal degeneration remains enig-
matic. The distribution of the fine granular a-synuclein deposits
of the PET blot strongly resembled the distribution of prion pro-
tein aggregates in the majority of Creutzfeldt-Jakob diseases,
which are known to be located at presynaptic terminals (Kita-
moto et al., 1992), suggesting a presynaptic localization of the
small a-synuclein aggregates.

Presynaptic accumulation of small a-synuclein aggregates

To demonstrate a possible localization of a-synuclein aggregates
at presynaptic terminals, we used brain homogenates of con-
firmed human DLB cases because, unlike for PD, there is no
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fication (Iwatsubo et al., 1996). It is evi-
dent that the Lewy body peak is only a
minor fraction representing 0.02—-11% of
the a-synuclein aggregates in DLB.

To locate the fine granular aggregates
within the sucrose gradient by their size,
the a-synuclein aggregate peaks were ana-
lyzed by immunofluorescence using thio-

Peak Il

R

flavin S as a fluorescent marker for amy-
loidogenic aggregates. The a-synuclein
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Figure2.  Small granular a-synuclein deposits represent the absolute majority of c-synuclein aggregates in DLB. 4, The new

developed PAF assay specifically detects ae-synuclein aggregates in brain homogenates of DLB compared with a case with tau
pathology (TP) and non-dementia controls (C1 and C2). B, Sucrose gradient with the indicated molar concentrations for the
separation of a-synuclein aggregates in brain homogenates by ultracentrifugation, which was originally used for purification of
Lewy bodies (Iwatsubo et al., 1996). €, PAF assay of the sucrose gradient fraction with the plot of its densitometric analysis. D,
Identification of small granular ce-synuclein (c-Syn) aggregates in the three sucrose gradient peaks by immunofluorescence

(LB509; red) and thioflavin S (ThS) fluorescence (green). Scale bars, 20 pm.

mouse model for DLB. It has been shown previously that active
synaptosomes representing presynaptic terminals can be pre-
pared from frozen human brains (Hardy et al., 1983) to measure
their neurotransmitter uptake (Dodd et al., 1989). Brain homog-
enates were separated by subcellular fractionation using sucrose
density gradient centrifugation. The biochemical detection of
a-synuclein aggregates in suspensions by means of their selective
insolubility in detergents, followed by Western blot analysis,
turned out to be difficult and laborious. We therefore developed
the PAF assay as a new and simple biochemical method to screen
liquid samples for the presence of a-synuclein aggregates, thus
avoiding any ultracentrifugation step. This method is based on
the separation of aggregates from their native isoform by micro-
filtration using a membrane with 0.2 uwm pore size and subse-
quent immunodetection. The PAF assay specifically detects
a-synuclein aggregates in brain homogenates of DLB cases, be-
cause no immunoreactivity was observed in cases with isolated
tau pathology or in non-dementia controls (Fig. 2A).

For sucrose gradient analysis of brain homogenates, we fol-
lowed a protocol originally used for the isolation of Lewy bodies
(Fig. 2B) (Iwatsubo et al., 1996). Surprisingly, the densitometric
analysis of the gradient fractions with the PAF assay resulted in
three different a-synuclein aggregate peaks (Fig. 2C, peaks I-I1I).
This was one peak more than expected from the PET blot show-
ing Lewy bodies and the fine granular a-synuclein deposits (Fig.
1). The first peak corresponded to the Lewy body fraction from
which the Lewy bodies were previously isolated for further puri-

immunoreactivities of all peaks showed a
costaining with thioflavin S, suggesting a
fibrillar fine structure of these aggregates
(Fig. 2 D). Very large structures, typical for
Lewy bodies, were only observed within
peak I, with diameters from 12 to 19 pum.
Because of the fluorescence pattern (Fig.
2 D), itappeared that the Lewy bodies were
made up of smaller aggregate structures.
Indeed, smaller but dense a-synuclein ag-
gregates probably resulting from fragmen-
tation of Lewy bodies were observed in
peak I. However, cortical Lewy bodies in
DLB are known to be less compact than
midbrain Lewy bodies in PD. Much
smaller a-synuclein aggregates are visible
in peaks IT and III (Fig. 2 D), ranging from
1.0 to 4.3 wm (peak IT) and from 0.7 to 3.9
pm (peak III), respectively. The average
diameters of 2.4 wm (peak IT) and 1.8 um
(peak I1T) indicate that these fractions rep-
resent the fine granular a-synuclein aggre-
gates detected with the PET blot (Fig.
1C-E).

To demonstrate a possible association
between a-synuclein aggregates and syn-
aptosomes representing presynaptic terminals, sucrose gradient
fractions were analyzed for syntaxin, a marker for synaptic
plasma membrane, and synaptophysin, a synaptic vesicle marker
(Fig. 3A). The signals of both markers were almost exclusively
associated with the a-synuclein aggregate peak III (Fig. 3B).
Moreover, the densitometric signals of syntaxin and synaptophy-
sin within the fractions 17 and 19 also correlated quantitatively
(Fig. 3B), suggesting that this peak contained synaptosomes. In-
deed, synaptosomes corresponding to peak III have previously
been isolated from the 1.0 M /1.2 M sucrose interface (IF) (Ueda et
al., 1979). Because the synaptosomal fractions (peak III) repre-
sent the majority of a-synuclein aggregates ranging from 50 to
92% (fractions 15-19), they confirm the results of PET blot
analysis.

To determine whether the a-synuclein aggregates were local-
ized inside the synaptosomes, the corresponding fractions were
subjected to hypotonic lysis according to standard protocols
(Huttner et al., 1983) and analyzed by a more differentiated su-
crose gradient (Fig. 3C). Releasing a-synuclein aggregates from
synaptosomes might result in a different localization compared
with the results of Lewy body sucrose gradient analysis (Fig. 2 B).
Indeed, analysis of the fractions with the PAF blot showed a clear
shift of the a-synuclein aggregates from the synaptosomal IF
(peak IIT or IF III) to the IF above 1.4 M sucrose (peak I or IF IT),
but no aggregates were found in the Lewy body fraction above 2.2
M sucrose (Fig. 3E). The different gradient localizations of syn-
taxin (Fig. 3E, IF III-IF V) and synaptophysin (Fig. 3E, IF II)

Peak lll
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Figure3.  Small granular a-synuclein aggregates are trapped in synaptosomes, indicating a presynaptic localization. A, Location of synaptosomes by Western blot analysis of sucrose gradient

fractions for syntaxin (STX; HPC-1) as the synaptic plasma membrane marker and synaptophysin (SPH; SY38) as the synaptic vesicle marker. B, Plot of the relative densitometric intensities for
a-synuclein aggregates (filled circles), syntaxin (gray bars), and synaptophysin (black bars). €, Synaptosomes of peak Il were subjected to hypotonic shock and applied to a more differentiated
sucrose gradient. D, Western blot analysis of the gradient in € for synaptophysin and syntaxin. E, PAF blot analysis of the gradient in C for c-synuclein aggregates and their densitometric
quantification (filled circles) together with synaptophysin (black bars) and syntaxin (gray bars). The fractions corresponding to the IFs of the gradient in Care marked by inverted triangles.

confirmed lysis of synaptosomes. This clearly indicates that the
aggregates were trapped in synaptosomes. Moreover, it became
evident that the aggregates of peak II of the first sucrose gradient
(Fig. 2 B) were released either from synaptosomes during homog-
enization or are the result of a destroyed presynaptic membrane
structure. This would mean that 89% to almost 100% of
a-synuclein aggregates are located at presynaptic terminals.

Presynaptic aggregate accumulation is linked to loss of
dendritic spines

The massive accumulation of a-synuclein aggregates at presyn-
aptic terminals suggested a severe pathological impact on synap-
tic function. Therefore, we compared the levels of presynaptic
and postsynaptic marker proteins of confirmed DLB cases with
an age-matched, non-dementia control group using Western
blot analysis for synaptophysin, syntaxin, postsynaptic density
protein (PSD95), and drebrin. There was a clear reduction in the
synaptic vesicle marker synaptophysin, which seems to correlate
with the reduction in the presynaptic plasma membrane marker
syntaxin compared with controls (Fig. 4A). Levels of synapto-
physin and syntaxin were decreased by 52 and 57%, respectively
(Fig. 4 B). The reduction in presynaptic markers also appeared to
correlate with the decrease in PSD95 as a postsynaptic marker
protein by 48% (Fig. 4C,D). However, the most significant
changes were observed for the actin-binding protein drebrin,
which is involved in the formation and maintenance of dendritic
spines (Takahashi et al., 2003). Actin polymerizes to a network
responsible for the shape of dendritic spines. In DLB, drebrin was
either totally absent or beyond the detection limit (Fig. 4C,D).
This dramatic reduction in drebrin prompted us to look for
changes in dendritic spine morphology. Indeed, Golgi—-Cox—
Davenport staining of cortical neurons revealed a dramatic re-
duction in dendritic spines in DLB (Fig. 4F,H) compared with
controls (Fig. 4 E, G). Thus, spine retraction rather than complete
synaptic degradation appears to be the result of the massive pre-
synaptic accumulation of a-synuclein aggregates, because the

levels of synaptic markers (synaptophysin, syntaxin, and PSD95)
are decreased only by ~50%.

Discussion

Lewy body formation as cellular protective mechanism

Our results strongly suggest that presynaptic terminals in neu-
rons are the loci of a-synuclein aggregate formation and that the
subcellular localization is important for their neurodegenerative
effect. It appears that aggresome formation resulting in Lewy
bodies is a protective mechanism because of axonal retrograde
transport of small, probably presynaptic a-synuclein aggregates
(Kopito, 2000; McNaught et al., 2002). This reduces not only the
accessible toxic surface compared with small aggregates but also
removes them from their most hazardous location at presynaptic
terminals.

Dementia in DLB by loss of dendritic spines

The accumulation of presynaptic a-synuclein aggregates is asso-
ciated with the observed almost complete loss of dendritic spines.
The depletion of the dendritic spine protein drebrin in DLB is in
line with the changes in spines because it is involved in spine
morphogenesis by binding to the actin network (Takahashi et al.,
2003).

Memory is associated with the formation of new dendritic
spines caused by long-term potentiation (Engert and Bonhoeffer,
1999). However, the opposite effect in which long-term depres-
sion resulted in complete retraction of spines was also observed,
suggesting that spine morphology is an activity-dependent bidi-
rectional process (Nagerl et al., 2004). Indeed, selective elimina-
tion of dendritic spines without apparent changes in the dendritic
tree because of lack of sensory experience was observed (Trach-
tenberg et al., 2002). Thus, gradual increasing impairment of
neurotransmitter release caused by presynaptic accumulation of
a-synuclein aggregates would explain the observed pathological
changes in dendritic spine morphology. The observed loss of den-
dritic spines is confirmed by the selective spinodendritic degenera-
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tion recently reported for DLB (Zaja-Milatovic et al., 2006). Inter-
estingly, degeneration of dendritic spines in striatal medium spiny
neurons was observed also in PD (Zaja-Milatovic et al., 2005), sug-
gesting that our findings might also be relevant for PD.

In conclusion, our findings may serve as a basis for a novel
concept of neurodegeneration in which synaptic dysfunction
caused by synaptosomal a-synuclein aggregates sufficiently ex-
plains the neurodegenerative process in DLB. This concept may
also be valid for PD, given that synaptic dysfunction precedes the
cell death of dopaminergic neurons. Our data may pave the way
toward completely new therapeutic strategies for DLB, and pos-
sibly also for PD, that focus on the maintenance of synaptic
function.
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