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Mutations in the synaptic protein �-synuclein cause rare genetic forms of Parkinson’s disease. �-Synuclein is thought to play a critical
role in more common sporadic cases of Parkinson’s disease as well because the protein aggregates in the hallmark intraneuronal
inclusions of the disorder, Lewy bodies. To test the role of protein aggregation in the pathogenesis of Parkinson’s disease, we expressed
a form of �-synuclein with a deletion of amino acids 71– 82 that is unable to aggregate in vitro in a transgenic Drosophila model of the
disorder. We found no evidence of large aggregates or oligomeric species of �-synuclein in these animals and no loss of tyrosine
hydroxylase-positive neurons. We also expressed a truncated form of �-synuclein that has enhanced ability to aggregate in vitro. This
truncated form of �-synuclein showed increased aggregation into large inclusions bodies, increased accumulation of high molecular
weight �-synuclein species, and demonstrated enhanced neurotoxicity in vivo. Our findings thus support a critical role for aggregation of
�-synuclein in mediating toxicity to dopaminergic neurons in vivo, although the precise role each aggregated form of �-synuclein plays
in neurotoxicity remains to be determined.
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Introduction
Parkinson’s disease is a common neurodegenerative disorder af-
fecting one in 50 individuals over the age of 60 (Moghal et al.,
1994). Clinical manifestations reflect a relatively specific loss of
dopaminergic neurons within the substantia nigra and include
tremor, bradykinesia, and stiffness. The most specific histopatho-
logic feature of Parkinson’s disease is the Lewy body, a ubiquiti-
nated proteinaceous inclusion present in the neuronal perikarya.
Similar inclusions are also seen in neuronal processes where they
are termed Lewy neurites (Cookson, 2005). �-Synuclein appears
to be a major component of both Lewy bodies and Lewy neurites,
thus implicating �-synuclein in the pathogenesis of Parkinson’s
disease (Cookson, 2005). In addition, missense mutations (Poly-
meropoulos et al., 1997; Kruger et al., 1998; Zarranz et al., 2004)
and genomic duplication and triplication of the �-synuclein gene
(Singleton et al., 2003; Ibanez et al., 2004) cause autosomal dom-
inant familial Parkinson’s disease.

Given the prominence of protein aggregates in the pathology
of Parkinson’s disease, a number of studies have investigated the
amino acids of �-synuclein critical for aggregation in vitro. The

central hydrophobic region of �-synuclein, known as the non-�-
amyloid component (NAC) of Alzheimer’s disease senile
plaques, is essential for aggregation of the protein. Deletion of
residues 71– 82 within the NAC region prevents �-synuclein ag-
gregation in vitro (Bodles et al., 2001; Giasson et al., 2001). A
crucial role of NAC in �-synuclein aggregation is also supported
by the observation that the highly homologous �-synuclein,
which differs from �-synuclein in a 12 aa segment within the
central part of the NAC domain, does not aggregate and is not
found in Lewy inclusions (Biere et al., 2000). Conversely, the
NAC region itself is highly amyloidogenic, readily forming fibrils
that are similar to fibrils formed from other amyloidogenic pro-
teins (Han et al., 1995; El-Agnaf et al., 1998a). Addition of NAC
peptide aggregates is toxic to both PC12 and SHSY-5Y cells (El-
Agnaf et al., 1998b; Bodles et al., 2001), although it is not clear
that cells would be exposed to extracellular aggregates of
�-synuclein in vivo.

Similar in vitro studies have also suggested an inhibitory role
for C-terminal sequences of �-synuclein on aggregation of the
protein. Several investigators have shown that C-terminally trun-
cated forms of recombinant �-synuclein assemble into filaments
more readily than the full-length wild-type (WT) protein
(Crowther et al., 1998; Serpell et al., 2000; Murray et al., 2003).
Some of these fragments are also efficient in seeding the aggrega-
tion of full-length �-synuclein (Murray et al., 2003; Li et al., 2005;
Liu et al., 2005). These findings may have relevance to Parkin-
son’s disease because �15% of �-synuclein found in Lewy inclu-
sions is C-terminally truncated (Baba et al., 1998; Campbell et al.,
2001; Giasson et al., 2002; Lee et al., 2002; Li et al., 2005; Liu et al.,
2005). Thus, �-synuclein may be proteolytically cleaved in vivo
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and such proteolysis may yield truncated species that accelerate
�-synuclein aggregation.

Although aggregation of �-synuclein has been studied exten-
sively in vitro, the influence of aggregation on �-synuclein toxic-
ity in vivo is less clear. In this study, we have used a Drosophila
model of Parkinson’s disease to investigate directly the role of
�-synuclein aggregation in mediating neurotoxicity. Transgenic
flies expressing human �-synuclein recapitulate essential features
of the human disorder (Feany and Bender, 2000; Auluck et al.,
2002). To assess the specific contribution of two major domains
of �-synuclein to toxicity and aggregation, we created transgenic
lines expressing different mutant versions of human �-synuclein:
one containing a deletion in the NAC domain, and two
C-terminally truncated variants.

Materials and Methods
Transgenic Drosophila. Drosophila were grown on standard cornmeal
medium at 25°C. The �-syn �71– 82 mutant was created as described by
Giasson et al. (2001). The �-syn 1–120 and �-syn 1– 87 constructs were gen-
erated by amplifying the wild-type �-synuclein sequence using specific
primers containing the start and stop codons. Constructs were cloned
into the pUAST expression vector, and transgenic strains were created by
embryo injection (Cutaneous Biology Research Center, Massachusetts
General Hospital, Boston, MA). At least five independent transgenic lines
were derived for each construct. The Ddc-GAL4 driver we used drives
expression in a substantial subset of dopaminergic neurons (Feany and
Bender, 2000).

Immunocytochemical analysis. Adult flies were fixed in formalin and
embedded in paraffin. Immunostaining on paraffin sections was per-
formed using an avidin– biotin–peroxidase complex (Vectastain Elite;
Vector Laboratories, Burlingame, CA) method as described previously
(Feany and Bender, 2000). To examine dopaminergic neurons, flies were
aged to 1, 10, 15, and 20 d, fixed, and immunostained for tyrosine hy-
droxylase (1:1000; ImmunoStar, Hudson, WI). Immunopositive cells
were counted in well oriented frontal sections at the level of the giant fiber
commissure, posterior to the fan-shaped body. At least 10 hemibrains
were examined per genotype and time point. Quantitative experiments
were performed with the investigator blinded to genotype to eliminate
the possibility of investigator bias.

Quantitative analysis of the number of inclusions in cell cortex was
determined in formic acid pretreated sections stained with the syn204
monoclonal antibody (1:1000; Zymed Laboratories, San Francisco, CA).
The number of inclusions per 50 �m 2 length of well oriented brain was
counted. At least eight hemibrains were examined per genotype.

Western blots. Adult fly heads of the appropriate genotypes were pre-
pared and analyzed by standard SDS-PAGE using 10 –20% Tris-glycine
gradient gels. The following �-synuclein antibodies were used (see Fig.
6): clone 42, 1:20,000 (Transduction Laboratories, Lexington, KY); FL-
140, 1:20,000 (Santa Cruz Biotechnology, Santa Cruz, CA); syn204,
1:5000 (Zymed Laboratories); 7071-AP, 1:80,000 (affinity-purified, rab-
bit polyclonal antibody to recombinant, full-length human �-synuclein);
LB509, 1:1000, (Zymed Laboratories). An anti-actin from Sigma (St.
Louis, MO) was used at 1:10,000.

Oligomer detection. To compare oligomer levels between �-syn WT and
�-syn �71– 82 transgenic flies, five heads per genotype and time point were
homogenized at 4°C in TNE buffer (Lee et al., 2002) (10 mM Tris-HCl at
pH7.5, 150 mM NaCl, 5 mM EDTA) containing detergents (0.5% Nonidet
P-40) and protease inhibitors (Roche, Welwyn Garden City, UK). The
homogenate was centrifuged at 16,000 g for 15 min and the resulting
supernatant was analyzed by standard SDS-PAGE 10% Tris-glycine gel
and immunoblot with a highly sensitive �-synuclein antibody (7071-AP,
1:20,000). Because the 7071-AP antibody does not recognize the mono-
meric form of �-syn 1–120 protein, different conditions were used to com-
pare oligomer levels between �-syn WT and �-syn 1–120 transgenic flies.
Two-hundred heads per genotype and time point were homogenized in
TNE buffer and the homogenate was centrifuged at 100,000 g for 1 h. The
resulting supernatant was analyzed using clone 42 antibody (1:1000).

Proteinase K digestion analysis. Paraffin-embedded tissue sections were
deparaffinized with xylene and rehydrated to water. Digestion was per-
formed with proteinase K at 0.7 (PK1) and 0.9 �g/ml �1 (PK2) in PBS at
room temperature for 30 min. Immunostaining was performed with
clone 42 (1:200; Transduction Laboratories) and an Alexa Fluor 488-
conjugated goat anti-mouse secondary antibody (1:200; Invitrogen, Eu-
gene, OR). Representative sections for each genotype and condition were
acquired by confocal microscopy (Radiance laser-scanning confocal mi-
croscope; Bio-Rad, Hercules, CA). Before acquisition, laser parameters
were adjusted to obtain nonsaturating conditions. All of the images for
each figure were acquired in the same session using identical confocal
acquisition parameters (laser power, gain, and pinhole settings).

Results
Based on the results of in vitro studies investigating �-synuclein
aggregation, we created transgenic Drosophila expressing several
different forms of �-synuclein: (1) a fragment with a deletion in
the NAC domain that removes amino acids 71– 82 (�-syn�71– 82),
(2) a C-terminally truncated fragment comprising amino acids
1–120 (�-syn 1–120), and (3) a C-terminally truncated fragment
comprising amino acids 1– 87 (�-syn 1– 87) (Fig. 1). Complemen-
tary DNA constructs were cloned under the control of upstream
activating sequence (UAS) for the yeast transcription factor
GAL4, and we used the GAL4 –UAS bipartite system to direct
�-synuclein expression to the brain using the pan-neuronal
driver elav-GAL4. Quantitative Western blot analyses were per-
formed on fly heads to select lines expressing the mutant form of
�-synuclein at levels equivalent to that of the control wild-type
�-synuclein transgenic line. Lines with equivalent levels of ex-
pression were recovered for �-syn�71– 82 and �-syn 1–120 (supple-
mental Fig. S1, available at www.jneurosci.org as supplemental
material). However, all of the transgenic lines expressing

Figure 1. Schematic organization of the primary structure of �-synuclein and three
�-synuclein mutants. a, �-Synuclein is a 140 aa protein that contains three major regions
including an N-terminal amphipathic �-helical domain (residues 1– 67), a middle hydrophobic
part (residues 61–95) known as the NAC of Alzheimer’s disease senile plaques, and an acidic
C-terminal region (residues 95–140). a– d, Transgenic Drosophila expressing wild-type human
�-synuclein (a), �-synuclein with a deletion in the NAC domain from amino acids 71– 82 (b),
C-terminally truncated fragments comprising amino acids 1–120 (c), or amino acids 1– 87 (d)
are analyzed.
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�-syn 1– 87 had significantly lower levels of expression than flies
expressing wild-type �-synuclein. The highest expressing line of
�-syn 1– 87 that we recovered had approximately sixfold less
�-synuclein than our control wild-type �-synuclein transgenic
animals. We also attempted to express the NAC domain alone
(amino acids 61–95); however, we did not recover animals ex-
pressing detectable levels of this short protein.

The NAC domain is essential for �-synuclein toxicity to
dopaminergic neurons
To assess the impact of �-syn�71– 82 on dopaminergic neurons,
we immunostained brains from flies at 1 and 20 d posteclosion
with an antibody against tyrosine hydroxylase, which specifically
identifies these neurons. We analyzed a dorsomedial group of
dopaminergic neurons because these neurons are easily identifi-
able and preferentially sensitive to �-synuclein toxicity (Feany
and Bender, 2000; Auluck et al., 2002; Yang et al., 2003). We used
a highly sensitive immunoperoxidase detection method (see Ma-
terials and Methods) to ensure optimal visualization of dopami-
nergic neurons and tissue sections with well defined anatomic
landmarks to delineate the vulnerable dorsomedial neurons. Un-
der these conditions, we interpret the loss of tyrosine hydroxylase
immunostaining we observe as loss of dopaminergic neurons. In
contrast, other groups have suggested that apparently normal
numbers of dopaminergic neurons reported in �-synuclein
transgenic flies analyzed with whole-mount immunostaining
techniques reflect dysfunction rather than death of these neurons
(Auluck et al., 2005; Pesah et al., 2005).

To address the issue of cell death versus dysfunction, we ex-
pressed the anti-apoptotic proteins thread (Hay et al., 1995) and
p35 (Clem et al., 1991) in dopaminergic neurons and protected
from �-synuclein-mediated neuronal loss (supplemental Fig. S2,
available at www.jneurosci.org as supplemental material). Be-
cause thread and p35 have well characterized roles in blocking
apoptosis, these findings are consistent with our view that dopa-
minergic cell death is occurring in our model. We cannot, how-
ever, completely exclude the possibility that overexpression of
these antiapoptotic proteins improves the overall health of dopa-
mine neurons rather than rescuing cell death. Additional work
will be needed to address definitively the role of cell death versus
dysfunction in our model.

In nontransgenic flies, the dorsomedial neurons we study are
represented throughout life by four or five cells showing robust
staining for tyrosine hydroxylase-cells. Similarly, in young adult
flies expressing �-syn WT or �-syn�71– 82, the dorsomedial cluster
consisted of the normal number of dopaminergic neurons (Fig.
2a,b). At day 20 however, adult flies expressing �-syn WT demon-
strated a marked loss of tyrosine hydroxylase-positive cells in this
cluster (Fig. 2c,e), as shown previously in our model (Feany and
Bender, 2000). In contrast, aged transgenic flies expressing
�-syn�71– 82 showed no loss of tyrosine hydroxylase staining in
these dopaminergic neurons (Fig. 2d,e). Thus, amino acids 71– 82
in the NAC domain of �-synuclein are essential for toxicity to
dopaminergic neurons.

The NAC domain is required for �-synuclein aggregation
Flies expressing wild-type �-synuclein show progressive accu-
mulation of cytoplasmic aggregates resembling Lewy bodies and
Lewy neurites (Feany and Bender, 2000). To determine whether a
deletion in the NAC domain affects �-synuclein aggregation in
vivo, we monitored inclusion formation in the brains of flies ex-
pressing �-syn�71– 82 by performing �-synuclein immunostain-
ing on brain tissue sections. Although neuronal inclusions were

observed in the cell cortex and neuropil of 20-d-old flies express-
ing wild-type �-synuclein (Fig. 3a,c), no inclusions were ob-
served in flies expressing �-syn�71– 82 at any age (Fig. 3b,d).

�-Synuclein appears to form a variety of smaller species, often
termed oligomers or protofibrils, before their aggregation into
filaments. There is extensive speculation that these smaller aggre-
gates may be the most relevant neurotoxic species in vivo (Volles
and Lansbury, 2003; Cookson, 2005). We thus investigated
whether flies expressing the �-syn�71– 82 mutant still have the
ability to form oligomeric species. To detect soluble oligomeric
forms of �-synuclein, we analyzed soluble fractions of fly brain
homogenates by Western blotting, using a sensitive �-synuclein
antibody (7071-AP). We identified several higher molecular
weight forms of �-synuclein in 20-d-old wild-type �-synuclein
transgenic flies, with a major species running at 190 kDa (Fig. 3e).
These oligomeric forms were not present in 1-d-old flies but

Figure 2. The NAC domain is essential for �-synuclein toxicity to dopaminergic neurons. a,
b, Tyrosine hydroxylase immunostaining identifies a normal number of dorsomedial neurons in
1-d-old flies expressing wild-type �-synuclein (a) or �-syn �71– 82 (b) in a pan-neural pattern
with the elav-GAL4 driver. c, Loss of tyrosine hydroxylase-immunoreactivity is observed in 20-
d-old �-syn WT transgenic flies. d, Neurons are preserved in 20-d-old �-syn �71– 82 transgenic
flies. Scale bar: (in d) a– d, 5 �m. e, Quantitative analysis of dopaminergic neuron numbers.
Values represent mean � SEM. Asterisk indicates that the difference in dopaminergic neuron
number between 20-d-old �-syn �71– 82 and �-syn �71– 82 flies is statistically significant ( p�
0.01, multivariate ANOVA with supplementary Newman–Keuls test). No significant difference
is present in cell numbers between �-syn �71– 82 flies and elav-GAL4 heterozygous control flies
at 20 d.
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started to appear in 10-d-old flies (visible on longer exposure)
(data not shown), showing a progressive accumulation of these
oligomers with age. None of these soluble oligomeric species were
observed in �-syn�71– 82 transgenic flies, or in nontransgenic
controls. Equivalent levels of the monomeric form of �-synuclein
were detected in all of the genotypes at the different time points
(Fig. 3e). Thus, flies expressing �-syn�71– 82 are unable to form
small or large aggregates of �-synuclein.

Resistance to proteinase K digestion is a common feature of
misfolded �-synuclein in Parkinson’s disease and other neurode-
generative disorders (Neumann et al., 2002). We expressed wild-

type �-synuclein or �-syn�71– 82 in dopa-
minergic neurons using the Ddc-GAL4
driver line that drives expression specifi-
cally in dopaminergic neurons (Feany and
Bender, 2000; Li et al., 2000) (supplemen-
tal Fig. S3, available at www.jneurosci.org
as supplemental material). These flies had
no detectable proteinase K-resistant
�-synuclein at day 10 (Fig. 3f). However,
20-d-old flies expressing wild-type
�-synuclein developed proteinase K
resistance, which was not observed in
�-syn�71– 82 transgenic flies (Fig. 3f). Pro-
teinase K-resistant �-synuclein was punc-
tate in appearance (supplemental Fig. S4,
available at www.jneurosci.org as supple-
mental material), consistent with aggre-
gate formation.

The C-terminal domain influences �-
synuclein toxicity and aggregation
Because C-terminally truncated forms of
�-synuclein are present in vivo and aggre-
gate more readily than full-length
�-synuclein in vitro, we assessed whether
expressing truncated fragments of
�-synuclein in flies could affect neurotox-
icity (Fig. 4). Quantitative analysis of do-
paminergic neurons showed that 1-d-old
transgenic flies expressing �-syn 1–120 had
a normal number of dopaminergic neu-
rons in the dorsomedial cluster. Thus, ex-
pression of a C-terminally truncated form
of �-synuclein, like expression of wild-
type �-synuclein, did not disrupt the de-
velopment of dopaminergic neurons.
However, there was a modest, but statisti-
cally significant increase in neurotoxicity
as seen by decreased numbers of tyrosine
hydroxylase-positive dorsomedial neu-
rons at 15 d in �-syn 1–120 transgenic flies
compared with flies expressing wild-type
�-synuclein. By day 20, the marked loss of
tyrosine hydroxylase immunostaining in
cells in this cluster was similar between
wild-type �-synuclein transgenics and
�-syn 1–120 transgenic flies. Thus,
C-terminal truncation of �-synuclein af-
ter amino acid 120 modestly enhances the
toxicity of the protein. We also examined
flies expressing �-syn 1–120 along with
wild-type �-synuclein. No dramatic en-

hancement of neurotoxicity was observed in these animals com-
pared with flies expressing two copies of wild-type �-synuclein
(data not shown).

We also examined the toxicity of �-synuclein truncated after
residue 87, but saw no dopaminergic neurotoxicity in �-syn 1– 87

transgenic flies (data not shown). Because we were unable to
express levels of �-syn 1– 87 equivalent to the other �-synuclein
variants we studied, we cannot definitively compare the toxicity
of this truncated fragment compared with full-length
�-synuclein or �-syn 1–120, but our results do suggest that
�-syn 1– 87 is not highly toxic at lower levels of expression. We also

Figure 3. The NAC domain is essential for �-synuclein aggregation. a, c, �-Synuclein staining identified inclusions (arrows) in
the lamina cell cortex (a) and in the neuropil (c) of 20 d �-syn WT flies. b, d, In contrast, no inclusions are observed in �-syn �71– 82

flies of the same age. Scale bar: (in d) a– d, 5 �m. e, Western blot analysis with the 7071-AP antibody of soluble fractions from
brain homogenates run on a 10% gel identifies several high molecular weight forms of �-synuclein in 20-d-old �-syn WT flies only,
with a major species running at 190 kDa. None of these oligomeric species are present in �-syn �71– 82 flies or in nontransgenic
elav-GAL4/� control flies. Aliquots of the same protein preparations are loaded on a 10 –20% gel to visualize the monomeric
forms of �-synuclein. Equivalent protein loading of protein is shown by stripping the membrane and reprobing it with an
anti-actin antibody. f, Flies expressing wild-type �-synuclein in dopaminergic neurons using the Ddc-GAL4 driver have no detect-
able proteinase K-resistant �-synuclein at 10 d. Proteinase K treatment of brains from 20-d-old flies show proteinase K-resistant
�-synuclein in wild-type expressing flies only.
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created flies expressing �-syn 1– 87 along with wild-type
�-synuclein. No dramatic enhancement of neurotoxicity or in-
clusion formation was evident in these animals.

To determine whether enhanced neurotoxicity of �-syn 1–120

correlated with increased insoluble �-synuclein, we immunostained
sections of brains to identify inclusion bodies. Compared with flies
expressing wild-type �-synuclein (Fig. 5a), there were significantly
increased numbers of cytoplasmic �-synuclein immunoreactive in-
clusions in aged flies expressing �-syn1–120 (Fig. 5b,c).

We also compared the resistance to proteinase K digestion of
wild-type �-synuclein or �-syn 1–120 in dopaminergic neurons
(Fig. 5d). No detectable proteinase K resistance was observed in
1-d-old flies (Chen and Feany 2005) (data not shown). In con-
trast, treatment of sections from aged fly brains with increasing
concentrations of proteinase K revealed increased proteinase K
resistance in �-syn 1–120 transgenics flies compared with wild-
type flies of the same age. At day 10, the majority of wild-type
�-synuclein was proteinase K sensitive whereas �-syn 1–120

showed resistance to proteinase K (Fig. 5d). As the transgenic flies
aged, both wild-type �-synuclein and �-syn 1–120 flies showed
clear resistance to proteinase K (Fig. 5d, PK1). However, at a
higher proteinase K concentration, only �-syn 1–120 flies showed
resistance to proteinase K (Fig. 5d, PK2).

We also examined aggregated forms of �-synuclein by West-
ern blot analysis in our transgenic flies expressing truncated
forms of �-synuclein. The sensitive antibody used in Figure 3e
does not recognize the monomeric forms of �-syn 1–120 or
�-syn 1– 87 variants under denaturing SDS-PAGE conditions, and
we were unable to detect reliably the �190 kDa species using less
sensitive antibodies in �-syn 1–120 transgenic flies. However,
higher molecular weight species were easily detected in �-syn 1–

120 transgenic flies (Fig. 5e). These aggregates appeared earlier in
�-syn 1–120 transgenic flies and accumulated at higher levels in
flies expressing the truncation compared with flies expressing
wild-type �-synuclein (Fig. 5e,f).

�-synuclein is naturally truncated in Drosophila
Because truncated forms of �-synuclein have been identified in
human brains as well as in �-synuclein transgenic mice, we won-
dered whether these fragments were also present in �-synuclein
transgenic flies. Western blot analysis of 1-d-old flies expressing
wild-type �-synuclein identified two bands: a major product mi-
grating �14 kDa corresponding to the full-length form of the
protein, and a minor product migrating �12 kDa (Fig. 6a). In-

terestingly, this low-molecular weight form of the protein
showed the same electrophoretic mobility as �-syn 1–120. Similar
amounts of the lower-molecular weight species were formed in
�-syn�71– 82 transgenic flies. We further characterized this low-
molecular weight form of �-synuclein using a panel of antibodies
recognizing epitopes along the length of the protein (Fig. 6b).
Only �-synuclein antibodies with epitopes localized N-terminal
to amino acid 120 of the protein recognized the low-molecular
weight form of �-synuclein. Thus, �-synuclein undergoes phys-
iological truncation in transgenic Drosophila, and this cleavage is
not altered by removing residues 71– 82 within the NAC domain
of the protein.

Discussion
A remarkable feature of virtually all human neurodegenerative
diseases is the presence of insoluble protein aggregates in brains
of patients with the disorders. These aggregates may involve the
neuronal cell body or process, as in Lewy inclusions, or may form
extracellularly or even in glial cells. The presence of these inclu-
sion bodies has led many investigators to implicate abnormalities
in protein aggregation as a key feature underlying the pathogen-
esis of many neurodegenerative diseases, including Parkinson’s
disease (Trojanowski and Lee, 2000; Cookson, 2005). In the case
of Parkinson’s disease, the synaptic protein �-synuclein both ag-
gregates in Lewy bodies and Lewy neurites and is genetically im-
plicated in familial forms of the disorder. Thus, significant effort
has been expended in defining the regions of �-synuclein that
control aggregation of the protein in vitro. We have used the
information provided by these in vitro experiments to test the
importance of �-synuclein aggregation in vivo in our Drosophila
model that recapitulates many features of Parkinson’s disease,
including selective dopaminergic neurotoxicity. Our data pro-
vide strong evidence supporting the role of �-synuclein aggre-
gates in mediating neurotoxicity. A deletion mutation in
�-synuclein that abolishes aggregation in vitro also eliminates
soluble oligomers and large inclusion body formation in vivo and
prevents neurotoxicity, whereas a C-terminal truncation that
promotes aggregation in vitro increases the formation of several
aggregated species in vivo and enhances neurotoxicity.

A number of lines of evidence suggest that the insoluble ag-
gregates classically identified by light microscopy may not them-
selves comprise neurotoxic species. In the case of neurodegenera-
tion caused by abnormal expansion of polyglutamine encoding
trinucleotide repeats, several studies have suggested that large
aggregates may play a protective, rather than pathological role
(Saudou et al., 1998; Arrasate et al., 2004). In �-synuclein trans-
genic Drosophila, expression of human Hsp70 or pharmacologi-
cal upregulation of heat-shock proteins rescues dopaminergic
toxicity, but does not decrease inclusion formation (Auluck et al.,
2002, 2005). Our own laboratory has presented evidence that
preventing phosphorylation at Ser129 of �-synuclein prevents
neurotoxicity, while increasing the numbers of large inclusion
bodies in transgenic flies (Chen and Feany, 2005).

How can a protective role for inclusions be reconciled with the
data presented here that strongly implicate aggregation of
�-synuclein in neurotoxicity? A number of in vitro studies sug-
gest the following model of �-synuclein aggregation: starting
with the natively unfolded monomers, the system populates a
heterogeneous mixture of protofibrils, at least some of which are
consumed as fibrils form. Fibrils of �-synuclein then coalesce to
form the Lewy bodies seen by light microscopy in the brains of
patients with Parkinson’s disease (Cookson, 2005). �-Synuclein
protofibrils rather than the fibrils themselves may be the patho-

Figure 4. The C-terminal domain represses �-synuclein toxicity. Quantitative analysis of
tyrosine hydroxylase-positive dopaminergic neuron numbers among flies expressing wild-type
�-synuclein and �-syn 1–120 and elav-GAL4/� controls. Values represent mean � SEM. As-
terisk indicates that the difference in dopaminergic neuron number between wild-type
�-synuclein and �-syn 1–120 transgenic flies is statistically significant at day 15 ( p � 0.05).
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genic species. Although all of the Parkinson’s disease-linked mu-
tations enhance the aggregation of �-synuclein (Conway et al.,
1998; Giasson et al., 1999; Narhi et al., 1999; Greenbaum et al.,
2005), the A30P mutation increases the amount of oligomeric
species at the expense of fibrils (Conway et al., 2000; J. Li et al.,
2002). Our observation of soluble oligomeric forms in our

�-synuclein transgenic flies (Fig. 3) is con-
sistent with the notion of small toxic ag-
gregates as biologically relevant
intermediates.

Further supporting an important role
for protein aggregation in our model,
C-terminal truncation of �-synuclein in-
creases neurotoxicity while increasing the
numbers of inclusion bodies, enhancing
proteinase K resistance and increasing the
levels of high molecular weight species
of �-synuclein on Western blots of
�-syn 1–120 transgenic flies (Figs. 4, 5). Be-
cause all of these species of aggregated
�-synuclein track with toxicity, the
present study does not allow us to distin-
guish which of these species are relevant
for toxicity. We feel that large inclusions
are unlikely to have substantial toxicity be-
cause we have demonstrated previously
increased inclusions in the context of neuro-
protection (Chen and Feany, 2005). We
were not able to analyze all oligomeric spe-
cies present in wild-type �-synuclein trans-
genic flies in �-syn1–120 flies, so we are lim-
ited in our ability to implicate a particular
oligomeric species in toxicity.

C-terminal truncation is likely to be
physiologically relevant because a frag-
ment of �-synuclein similar to the
�-syn 1–120 we expressed in our transgenic
flies is seen in wild-type �-synuclein trans-
genic flies (Fig. 6), in patients with
Parkinson’s disease, and related
�-synucleinopathies (Baba et al., 1998;
Campbell et al., 2001) and in transgenic
mice expressing full-length �-synuclein
(Giasson et al., 2002; Lee et al., 2002; Li et
al., 2005; Liu et al., 2005). C-terminally
truncated forms of �-synuclein are
present in Lewy inclusions in patients
(Baba et al., 1998), and are selectively re-
covered in insoluble fractions from
synucleinopathy patients (Tofaris et al.,
2003; Li et al., 2005) and �-synuclein
transgenic mice (Li et al., 2005). These
findings correlate well with in vitro studies
demonstrating that recombinant trun-
cated �-synuclein has an enhanced pro-
pensity to aggregate (Crowther et al.,
1998; Serpell et al., 2000; H. T. Li et al.,
2002; Murray et al., 2003).

Although our findings of enhanced
neurotoxicity and increased aggregation
in �-syn 1–120 are generally consistent with
previous in vivo and in vitro work on
C-terminal truncations of �-synuclein,

the enhanced neurotoxicity we observe in flies expressing
�-syn 1–120 is modest overall (Fig. 4). These findings are in accor-
dance with a recent study investigating the effects of �-synuclein
C-terminal truncation by generating mice expressing human
�-syn 1–120 from the rat tyrosine hydroxylase promoter (Tofaris
et al., 2006). Although mixed granular and fibrillar aggregates

Figure 5. The C-terminal domain represses �-synuclein aggregation. a, b, �-Synuclein immunostaining identifies moderate
numbers of inclusions in the lamina cell cortex in flies expressing wild-type �-synuclein (a) and increased numbers of inclusions
(arrows) in the cortex of flies expressing �-syn 1–120 at 20 d (b). Scale bar, 5 �m. c, Quantitative analysis of inclusions numbers.
Values represent mean � SEM. The difference is statistically significant ( p � 0.01, Student’s t test). d, Increased inclusion
formation correlates with increased proteinase K resistance. Proteinase K treatment of brains from 10- and 20-d-old flies show
increased proteinase K-resistant �-synuclein in flies expressing �-syn 1–120 compared with flies expressing wild-type
�-synuclein. At 10 d, flies expressing wild-type �-synuclein in dopaminergic neurons have no detectable proteinase K-resistant
�-synuclein, whereas resistant �-synuclein is observed in �-syn 1–120. At 20 d, both wild-type �-synuclein and �-syn 1–120 flies
demonstrate resistance to proteinase K at a low concentration of proteinase K (PK1), but only �-syn 1–120 show resistance at a
higher proteinase K concentration (PK2). e, Western blot analysis with the Clone42 antibody of soluble fractions from brain
homogenates run on a 10% gel identified high molecular weight forms of �-synuclein (arrow) with an earlier and increased
accumulation in �-syn 1–120 compared with �-syn WT. Aliquots of the same protein preparations are loaded on a 10 –20% gel to
visualize the monomeric forms of �-synuclein. f, Intensities of the corresponding bands are quantitated by densitometry using
NIH ImageJ. Readings from �-syn 1–120 are normalized to 100% and relative intensity ratios are calculated. Values represent
mean�SEM. ANOVA test with a Student–Newman–Keuls post-test shows significant differences between the two genotypes for
each time point examined.
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were detected in olfactory bulb and substantia nigra of 12-
month-old mice, no dopaminergic cell loss was observed. Trans-
genic mice expressing another C-terminally truncated form of
�-synuclein (�-syn 1–130) and carrying the A53T point mutation
show a nonprogressive loss of dopaminergic neurons without
evidence of Lewy bodies inclusions (Wakamatsu et al., 2007).

The inability of truncated forms of �-synuclein to produce
substantial, progressive neurotoxicity in vivo could reflect a more
moderate effect of the chosen C-terminal truncation on neuro-
toxicity in vivo compared with aggregation potential in vitro. Al-
ternatively, substoichiometric levels of truncated �-synuclein in
vivo may primarily act as a seed for aggregation of full-length
�-synuclein (Li et al., 2005; Liu et al., 2005). Because we did not
recover transgenic lines expressing markedly lower levels of
�-syn 1–120 compared with wild-type �-synuclein, we were unable
to test this hypothesis rigorously in our system. We did analyze
flies expressing equivalent levels of �-syn 1–120 and wild-type
�-synuclein, but did not observe significantly increased neuro-
toxicity or aggregation in these animals that would suggest a syn-
ergistic rather than simply additive effect.

We also addressed potential seeding of wild-type �-synuclein
aggregation by our low-expressing �-syn 1– 87 line, but did not
observe dramatic enhancement of either neurotoxicity or inclu-
sion formation when we expressed wild-type �-synuclein along
with sixfold lower levels of �-syn 1– 87. Observing a seeding effect

of truncated �-synuclein variants may require more precise titra-
tion of mutant versus wild-type protein. Alternatively, truncated
fragments of �-synuclein may play a less prominent role in ag-
gregation and neurotoxicity in vivo than suggested by in vitro
studies.

A potential role for C-terminally truncated fragments in seed-
ing aggregation of wild-type �-synuclein is also intriguing be-
cause a number of post-translational modifications of
�-synuclein, including phosphorylation (Fujiwara et al., 2002;
Chen and Feany, 2005) or nitration (Giasson et al., 2000; Yamin
et al., 2003), or methionine oxidation (Glaser et al., 2005; Mirzaei
et al., 2006), which appear to play an important role in control-
ling �-synuclein aggregation and toxicity, selectively target the
last 20 aa of �-synuclein. These important modifications, thus,
cannot affect toxicity in transgenic flies expressing �-syn 1–120 in
the absence of longer forms of �-synuclein.

Although C-terminally truncated �-synuclein might play a
more significant role in modulating neurotoxicity when present
at low levels together with full-length �-synuclein, our data sug-
gest that any such toxic role for truncated �-synuclein depends
on protein aggregation. �-Synuclein lacking residues 71– 82 (�-
syn�71– 82) is still efficiently truncated at its C terminus (Fig. 6).
However, transgenic animals expressing �-syn�71– 82 show no
evidence of dopaminergic dysfunction. Thus, an intact NAC do-
main is not required for efficient truncation of �-synuclein in
vivo, but NAC function, presumably to mediate aggregation, is
still needed for neurotoxicity even in the presence of C-terminally
truncated fragments.

In conclusion, we provide strong evidence that aggregated
forms of �-synuclein mediate dopaminergic neurotoxicity in a
Drosophila model of Parkinson’s disease. In our in vivo system,
the NAC domain of �-synuclein is absolutely required for aggre-
gation and dopaminergic neurotoxicity whereas sequences
C-terminal to residue 120 have a more moderate role in influenc-
ing both aggregation and toxicity. A number of other properties
of �-synuclein may be important in disease pathogenesis, includ-
ing ubiquitination (Anderson et al., 2006), phospholipid binding
(Jo et al., 2000), tyrosine hydroxylase regulation (Perez et al.,
2002), and chaperone function (Ostrerova et al., 1999). Addi-
tional investigations will be required to understand if these path-
ways directly influence the aggregation process of �-synuclein or
act independently to modulate neurotoxicity.
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