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Two mutations in �-synuclein, the main con-
stituent of Lewy bodies, have been identified in
familial Parkinson’s disease. We have stereotacti-
cally injected lentiviral vectors encoding wild-type and
A30P mutant human �-synuclein in different brain
regions (striatum, substantia nigra, amygdala) of
mice. Overexpression of �-synuclein induced time-
dependent neuropathological changes reminiscent of
Lewy pathology: abnormal accumulation of �-synu-
clein in cell bodies and neurites, �-synuclein-positive
neuritic varicosities and cytoplasmic inclusions that
stained with ubiquitin antibodies and became larger
and more frequent with time. After one year, �-synu-
clein- and ubiquitin-positive neurons displayed a
degenerative morphology and a significant loss of �-
synuclein-positive cells was observed. Similar find-
ings were observed with both the wild-type and the
A30P mutant form of �-synuclein and this in different
brain regions. This indicates that overexpression of
�-synuclein is sufficient to induce Lewy-like pathol-
ogy and neurodegeneration and that this effect is
not restricted to dopaminergic cells. Our data also
demonstrate the use of lentiviral vectors to create ani-
mal models for neurodegenerative diseases.
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Introduction
Parkinson’s disease (PD), the second most common

neurodegenerative disease, is a late-onset progressive
motor disease. It is marked by a selective degeneration
of dopaminergic neurons in the substantia nigra (SN) and
the formation of fibrillar �-synuclein cytoplasmic
inclusions, known as Lewy bodies (LBs), which contain
�-synuclein and ubiquitin. Considerable progress has
been made in understanding the molecular basis of the

disease by the identification of mutations in 2 genes, ie,
�-synuclein and parkin, causing familial PD. Human
�-synuclein is a 140-amino acid protein (38) encoded by
a gene on chromosome 4 and initially isolated from
cholinergic nerve terminals of the Torpedo ray electric
organ (26). �-Synuclein belongs to a family of struc-
turally related proteins that are prominently expressed in
the central nervous system (CNS) and includes �-synu-
clein and �–synuclein (17, 24, 36). The central domain
of �-synuclein also contributes to the non-amyloid
component (NAC) of Alzheimer’s disease plaques (38).
Full-length �-synuclein is the main component of Lewy
bodies and Lewy neurites (LNs) in patients with idio-
pathic Parkinson’s disease (PD), dementia with Lewy
bodies (DLB), a Lewy body variant of Alzheimer’s dis-
ease (LBVAD) and in neurodegeneration with brain
iron accumulation type 1 (1, 10, 15, 16, 40), as well as
in glial cytoplasmic inclusions that are characteristic
for multiple system atrophy (37). Two missense mutations
(A30P and A53T) in the �-synuclein gene are linked to
early-onset dominant familial PD (23, 31). Both muta-
tions were shown to accelerate the intrinsic property of
�-synuclein to self-aggregate into fibrils (5, 14, 30).
The accumulation of �-synuclein within LBs and LNs is
therefore likely an essential element in the pathology
observed in LB diseases. The identification of �-synu-
clein as a genetic component in PD has prompted the gen-
eration of �-synuclein transgenic animals. Neuronal
overexpression of wild-type or mutant �-synuclein in
mice leads to formation of cytoplasmic and nuclear
inclusion bodies containing �-synuclein and sometimes
ubiquitin (18, 27, 39). However, progressive degenera-
tion of the nigral dopaminergic neurons, a hallmark
pathological feature for any PD model, was not
observed in these �-synuclein transgenic mice (7). In con-
trast, overexpression of wild-type and mutant �-synuclein
in the fruit fly reproduced strikingly many features of PD
(9). An age-dependent specific loss of dopamine-secret-
ing neurons starting at mid-life was observed. Some
neurons accumulated intracellular aggregates containing
�-synuclein fibrils that closely resemble Lewy bodies.
Moreover, the flies displayed a progressive, age-
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dependent loss of motor function. Although the fruit fly
model resembles PD at first sight and enables genetic
studies, drug screening and gene therapy will be more fea-
sible and relevant in mammalian models.

We have used HIV-1-derived replication-defective
lentiviral vectors (LV), that are particularly useful for gene
delivery in the CNS because they are capable of effi-
ciently and stably transducing non-dividing cells such as
neurons (29). Next to their therapeutic potential for
gene therapy of CNS diseases, LV mediate stable and
locoregional overexpression of disease-associated
genes in the adult brain. We have used an HIV vector to
express wild-type and mutant human �-synuclein
(A30P) in different regions of mouse brain. Here, we
report robust expression of the transgene in the striatum,
SN and amygdala for at least 10 months. In addition, we
have observed the appearance with time of ubiquitin-pos-
itive, cytoplasmic inclusions of �-synuclein and neurit-
ic varicosities. Moreover, evidence for the degenera-
tion of �-synuclein-positive neurons was obtained.
These pathological features are reminiscent of the neu-
ropathological alterations observed in human brains
with Lewy pathology.

Materials and Methods

Animals. We used adult C57BL/6 mice. The animals
were housed under 14 hour light/10 hour dark cycle
with free access to food and water. We performed injec-
tions of lentiviral vectors on female animals of 2-
months-old and occasionally on female animals of 1-year-
old. All animal experiments were approved by the
bioethical committee of the K. U. Leuven. 

Lentiviral vector construction and production. The
cDNAs encoding human �-synuclein and �-synuclein
(A30P), obtained from Dr Kelly Conway (Center for
Neurologic Diseases, Boston, Mass), were cloned into a
transfer plasmid with a self-inactivating deletion in U3
(pHR’SIN-18) (42) and into the pHMWS transfer plas-
mid containing in addition a multiple cloning site and the
Woodchuck Hepatitis Posttranscriptional Regulatory
Element (WPRE) (41). Wild-type and (A30P) �-synu-
clein were also cloned in the pHMIRESNeo transfer
plasmid to create stable cell lines of SKNSH overex-
pressing both forms of �-synuclein. We produced the
lentiviral vectors as previously described (3). In this
study we used a second generation attenuated packaging
plasmid pCMV�R8.91 that lacks vif, vpr, vpu and nef
genes (43). 

Cell culture and transduction. SKNSH cells
(human neuroblastoma cells, ATCC HTB11) were
maintained in Dulbecco’s modified Eagle’s medium
(DMEM) with glutamax (Invitrogen, Belgium) con-
taining 10% fetal calf serum (FCS), 0.12 % (v/w) sodi-
um carbonate (Invitrogen) and 20 �g/ml gentamycin
(Invitrogen) in a 5% humidified CO2 atmosphere. The day
before transduction, we seeded the cells in a 6-well
plate. On the day of transduction, medium was replaced
by DMEM containing 1% FCS, 4 �g/ml polybrene and
4 �106 pg p24 of LV. Five hours after transduction, we
replaced the medium and 2 days post-transduction we har-
vested the cells with PBS containing 5 mM EDTA. The
cells were lysed with SDS containing 10 mM PMSF
(Phenylmethylsulfonylfluoride, Sigma, Belgium) and
boiled for 5 minutes.

Western blot analysis. Ten �g total protein was
diluted in SDS-PAGE loading buffer (25 mM tris-HCl,
pH 6.6, 50 mM DTT, 1% SDS, 0.05% bromophenol
blue and 5% glycerol) and samples were loaded on a 4
to 20% SDS-polyacrylamide gel. The proteins were
transferred to a PVDF membrane (Bio-Rad, Wattford,
United Kingdom) and detection was performed with a
polyclonal rabbit anti-�-synuclein antibody 1:1500
(Chemicon, Temecula, Calif) using the ECL+ chemilu-
minescent system (Amersham-Pharmacia, The Nether-
lands).

Surgery. After anesthesia, the animals were placed in
a stereotactic head frame (Stoelting, Wood Dale, Ill). The
coordinates used were: striatum mouse (antero-posteri-
or (AP) 0.5, lateral (L) 2.0, dorsoventral (DV) 3.0-2.0),
substantia nigra mouse (target AP -3.3, L 1.0, DV 4.0),
amygdala mouse (target AP –1.2, L 2.5, DV 3.5). We
injected 2 �l of highly concentrated vector supple-
mented with 4 �g/ml polybrene at a rate of 0.25 �l/min.
After injection, the needle was left in place for an addi-
tional 10 minutes (8). 

Histology. To assess lentiviral transduction, we
anesthetized the mice and perfused them transcardially
with saline followed by ice-cold 4% paraformaldehyde
in PBS for 15 minutes. We sacrificed the animals at 3 dif-
ferent time points, namely 2 weeks, 6 months and 10
months after transduction. Fifty-�m thick coronal brain
sections were cut with a vibratome. For immunocyto-
chemistry we fixed the cells with 4% paraformalde-
hyde. For immunohistochemical stainings, sections
were treated with 3% hydrogen peroxide and incubated
overnight with primary antibody in 10% normal swine



serum. Then the sections were incubated in biotinylat-
ed secondary antibody (DAKO, Glostrup, Denmark),
followed by incubation with Strept-ABC-HRP complex
(DAKO). Detection was with diaminobenzidine (DAB)
using H2O2 as a substrate. Staining with thioflavin S and
congo red was performed according to standard proto-
cols. 

For immunofluorescence, sections were incubated
overnight with one or 2 primary antibodies. Detection was
with a secondary biotinylated antibody followed by
Texas Red-conjugated streptavidin (Jackson
ImmunoRes Lab, West Grove, Pa) and/or a FITC-con-
jugated secondary antibody (donkey anti-mouse, Jack-
son ImmunoRes Lab; swine anti-rabbit, DAKO). Primary
antibodies used were: rabbit polyclonal anti-�-synucle-
in (1:500-1:5000, Chemicon), mouse monoclonal
human specific anti-�-synuclein (1:20, ZYMED, South
San Francisco, Calif), rabbit polyclonal anti-ubiquitin
(1:200, DAKO) and rabbit polyclonal anti-tyrosine

hydroxylase (TH) (1:1000, Chemicon). Analysis was
done on a NIKON inverted microscope DIAPHOT 300
connected to a Bio-Rad MRC1024 confocal micro-
scope and images were captured by Lasersharp (ver-
sion 3.2) and processed using Adobe Photoshop 5.5. 

Fluoro-Jade B histochemistry was used to detect
degenerating neurons according to the manufacturer’s
protocol (Histo-Chem, Jefferson, Ark). We performed sil-
ver staining to detect neurodegeneration. The FD Neu-
rosilver kit was used according to manufacturer’s protocol
(FD NeuroTechnologies, Baltimore, Md).

Cell counting. To determine the number of �-synu-
clein positive cells in the striatum, every fifth 50-�m sec-
tion was sampled throughout the whole transduced
brain volume. All �-synuclein positive cells in every
fifth section were counted at a magnification of �40 by
2 independent observers. The cells were considered
positive if the object to be counted had darker chroma-
gen staining than the surrounding background and
could be clearly identified as a cell. The total number of
�-synuclein positive cells per brain was calculated by
multiplication of the counts by 5. The number of
dopaminergic neurons in the mouse substantia nigra
was determined in a similar way, by counting all tyrosine-
hydroxylase positive cells in the SN per section on
every fifth 50-�m section throughout the whole SN. 

Statistical analysis. Data are presented as the mean
± SEM. The data were evaluated by a Kruskall-Wallis 2-
way analysis of variance. Data analysis was performed
using SAS version 6.12 (SAS Institute Inc, 1997). All P-
values are 2-sided and considered statistically significant
if they were <0.05.

Results

Lentiviral vectors mediate stable expression of �-
synuclein in neuronal cell lines. The expression of
wild-type and mutant (A30P) �-synuclein from the
lentiviral vectors was confirmed by western blot analy-
sis of extracts from transduced SKNSH neuroblastoma
cells (Figure 1A). After transduction with an �-synuclein-
IRES-neo vector, 2 stable SKNSH cell lines overex-
pressing respectively wild-type and (A30P) �-synucle-
in were selected (Figure 1B). Analysis of the transduced
cells by western blot (Figure 1A, B) and immunocyto-
chemistry revealed high expression of the transgene
(Figure 1C) compared to the endogenous �-synuclein lev-
els (Figure 1D). 
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Figure 1. Transduction of neuroblastoma cells with LV encod-
ing �-synuclein. A. Western blot for a-synuclein on cell lysates
from SKNSH cells 48 hours after transduction with LV. Both wild-
type and mutant a-synuclein are expressed at high levels com-
pared to the endogenous level. After transduction with vectors
containing the antisense �-synuclein we observed a decrease
in endogenous �-synuclein expression. B. Western blot for �-
synuclein on cell lysates from stably transduced SKNSH cell lines
reveals high expression levels of wild-type and mutant �-synu-
clein. C, D. Immunocytochemical staining for a-synuclein of
the stable SKNSH cell line over-expressing the (A30P) mutant
�-synuclein (C) and in untransduced SKNSH cells showing
endogenous �-synuclein levels (D). Since the cell line in (C) is
not clonal, different expression levels of the transgene are
seen. Scale bar = 10 �m.



Abnormal accumulation of �-synuclein in cell bod-
ies and neurites of transduced neurons. LV encoding �-
synuclein were injected in different brain areas of 2-
month-old mice (Figure 2A). High-level expression of
the transgene was observed for at least 10 months. Two
weeks after transduction high levels of wild-type or
mutant �-synuclein were detected in the neuronal cell
bodies and neurites, in contrast to the presynaptic dis-
tribution of endogenous �-synuclein (Figure 2B). Since
age is the most important risk factor in PD, the animals
were sacrificed at different time points (2 weeks, 6
months and 10 months) after stereotactic delivery of
LV. Shortly after injection we detected �-synuclein-
containing neuritic enlargements (Figure 2C) that
became larger and more frequent with time (Figure
2D). No beaded neurites were observed in the con-
tralateral hemisphere or in neurites from untransduced
cells on the injected side (not shown). We did not discern
differences between wild-type and (A30P) mutant �-
synuclein. The somal and neuritic accumulation of �-
synuclein was observed after overexpression of �-synu-
clein in the striatum, substantia nigra and amygdala.
This accumulation of �-synuclein is a characteristic
feature of Lewy pathology (2, 10, 35). Bead-like neuritic
structures are frequently observed in human brain
pathology. 

To determine age-related effects of overexpression of
�-synuclein we have injected a small number of 1-year-
old mice. These animals developed comparable �-synu-
clein induced neuropathological changes at 10 months
after transduction, but the inclusions tended to be larg-
er (data not shown). 

Transduction with �-synuclein LV induces ubiqui-
tin- and �-synuclein-positive cytoplasmic inclusion
bodies. At 6 months post-injection, we detected �-synu-
clein-positive cytoplasmic inclusions in the transduced
neurons of the mouse striatum (Figure 2E). At 10
months 36.7% (± 3.2%) of the �-synuclein expressing
cells contained cytoplasmic inclusions, with a mostly
spherical morphology and a diameter up to 10 �m (Fig-
ure 2F). Again, no difference was observed between
wild-type and mutant �-synuclein. Ubiquitin
immunoreactivity is a distinctive feature of Lewy
pathology in human brain (10, 11, 15). Approximately
60% of the �-synuclein-positive cells contained inclu-
sions that stained for �-synuclein and ubiquitin at 6
months post injection (Figure 3A). At 10 to 12 months,
very large �-synuclein- and ubiquitin-positive inclu-
sions were observed (Figure 3B) while some of the neu-
ritic enlargements stained strongly for both �-synucle-

in and ubiquitin (Figure 3C). To further characterize the
inclusions, we performed stainings with thioflavin S
and congo red (data not shown). We did not find any
thioflavin S or congo red positive structures, indicating
that the inclusions do not contain detectable amounts of
fibrillar �-synuclein. 

Long-term expression of �-synuclein induces neu-
rodegeneration. A crucial feature of any in vivo model
for PD is neurodegeneration. Age-dependent dopamin-
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Figure 2. Immunohistochemical staining for �-synuclein after
LV-mediated gene transfer in mouse striatum. A. Overview 2
weeks after transduction in striatum. B. Higher magnification of
the striatum showing a predominantly neuronal morphology of
the transduced cells. v: ventricle, cc: corpus callosum. C.
Human wild-type �-synuclein-containing neurites with a bead-
ed morphology 2 weeks after transduction. D. 12 months after
transduction, these neuritic enlargements become larger. E. At
6 months post injection we observed small cytoplasmic �-
synuclein-containing inclusion bodies (arrows). F. At 10 to 12
months post injection �-synuclein-overexpressing neurons
form cytoplasmic inclusion bodies that are often large and
spherical. Scale bars: A = 500 �m, B = 20 �m, C-F = 5 �m.



ergic cell loss was not seen in the currently available
transgenic mice (7). We have quantified the number of
�-synuclein-expressing cells at 2 weeks (n = 6), 6
months (n = 4) and 10 to 12 months (n = 3) after LV
injection in the mouse striatum. The number of transduced
cells at 2 weeks was set at 100%. After 6 months the rel-
ative number of �-synuclein expressing cells was fair-
ly constant at 141 ± 34% (P = 0.33). The increase prob-
ably reflects the gradual accumulation of �-synuclein in
the transduced neurons. However, after 10 to 12 months
the number of �-synuclein-positive cells was only 55 ±
11% of that at 2 weeks (P<0.05). Moreover, at 10
months, degenerating neurons and fibers were detected
by Fluoro-Jade B staining (34) in the animals express-
ing �-synuclein (Figure 4A) but not in control animals
injected with saline or a GFP-encoding vector (Figure
4B). To confirm the presence of degenerating cells we per-
formed silver stainings. The silver staining technique used
efficiently detects Lewy Bodies and Lewy neurites in
patients with PD (33). At 8 to 10 months after injection
of vectors encoding wild-type or mutant (A30P) �-
synuclein we observed clear granular silver deposits in

neurites and in the cell body (Figure 4C). No dystroph-
ic neurites or degenerating neurons were observed in the
contralateral hemisphere or after injection of GFP-
expressing vectors (Figure 4D). In addition, several
neurons with a shrunken degenerative morphology that
were strongly immunoreactive for �-synuclein and
ubiquitin, were detected in the striatum from 6 months
post injection on (Figure 5). 

To analyze the impact of �-synuclein overexpres-
sion on dopaminergic cells, LV encoding the A30P
mutant �-synuclein were injected in the substantia
nigra of the mouse. After injection of 2 �l of concentrated
vector we were able to transduce dopaminergic cells, evi-
denced by double stainings for TH and �-synuclein
(Figure 6A). In analogy with the striatum, cytoplasmic
�-synuclein inclusions were detected in the substantia
nigra 10 months after injection (Figure 6B). In addition
numerous �-synuclein-containing neurites were seen in
the striatum after transduction of the substantia nigra.
These neurites typically displayed a beaded morpholo-
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Figure 3. Colocalisation by confocal microscopy of a-synucle-
in and ubiquitin in cytoplasmic inclusions and neuritic enlarge-
ments after transduction in the striatum. A. Double immunoflu-
orescent staining of a transduced neuron demonstrating the
presence of �-synuclein (green) and ubiquitin (red) positive
cytoplasmic inclusions 6 months post injection. Colabeled
inclusions appear in yellow. B. At 10 to 12 months post injection
some �-synuclein-expressing neurons (green) contain very
large ubiquitin-positive cytoplasmic inclusions (red). C. �-
Synuclein-positive neurite with neuritic enlargements that colo-
calise for �-synuclein (green) and ubiquitin (red). Scale bars: A,
B = 5 �m, C = 10 �m.

Figure 4. Neurodegeneration in the mouse striatum after over-
expression of wild-type and mutant �-synuclein. A. At 10 to 12
months post injection several Fluoro-Jade B-positive cells and
fibers were detected after injection of wild-type or mutant �-synu-
clein. B. No Fluoro-Jade B signal was detected after injection
with a LV expressing GFP. C. At this time point silver deposits
were observed in neurites and cell bodies in the injected hemi-
sphere. Arrows indicate white matter in the striatum containing
silver-stained fibers. Arrowheads indicate the presence of silver-
positive cells. Higher magnification shows granular silver
deposits in a cell body and some silver-stained fibers. D. No sil-
ver deposits were observed in the contralateral hemisphere.
Scale bar = 50 �m.



gy demonstrating accumulation of �-synuclein (Figure
6C). To prove that these neuritic enlargements originat-
ed from the nigrostriatal pathway, they were double-
stained for TH and �-synuclein (Figure 6D). Similar
pathological changes such as neuritic enlargements
(data not shown) and the formation of inclusions were
observed after injection of LV encoding wild-type and
A30P mutant �-synuclein in the mouse amygdala (Fig-
ure 6F).

To analyze �-synuclein induced neurodegeneration in
the substantia nigra, the number of dopaminergic cells
in the injected and contralateral hemisphere were deter-
mined by TH immunohistochemistry. Ten to 12 months
after injection (n=3), we observed a small but consistent
loss of 10 to 25 % (P = 0.037) of dopaminergic cells in
the substantia nigra (Figure 6E). This neurodegeneration
is not due to the physical trauma since the number of
dopaminergic neurons 2 weeks after injection with
saline or LV encoding GFP did not differ between the
injected and non-injected hemisphere. 

In conclusion, these data point to striatal and nigral
neurodegeneration induced by chronic LV-mediated
overexpression of �-synuclein in the mouse brain. 

Discussion
In the present study we have induced chronic local

overexpression of �-synuclein in adult rodent brain
using LV. A new in vivo model was obtained that displays
several important neuropathological features of �-
synucleinopathy, a prominent aspect of PD, Lewy body
and LBVAD neurodegenerative diseases. The LV-medi-
ated overexpression of wild-type or mutant (A30P) �-
synuclein in the adult mouse brain results in the forma-

tion of inclusion bodies in neuronal perikaya and in
aberrant accumulation of the protein in the neurites. We
have obtained similar results in rat brain (unpublished
data). The observed pathological changes resemble sev-
eral neuropathological features of postmortem brain tis-
sue of patients with PD, DLB and LBVAD. These fea-
tures include the formation of large cytoplasmic
inclusions (LBs) in the dopaminergic neurons of the
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Figure 5. Neurodegeneration of �-synuclein-positive neurons. 
Confocal microscopic image of 2 neurons with degenerative
shrunken morphology 6 months after LV transduction that dou-
ble-stain for �-synuclein (green) and ubiquitin (red). Scale bar
= 5 �m.

Figure 6. �-Synuclein-induced neuropathology and neurode-
generation in the substantia nigra and amygdala of the mouse.
A. Double immunofluorescent staining of transduced neurons
demonstrating the presence of �-synuclein (green) in
dopaminergic cells of the substantia nigra (TH=red). B. �-
Synuclein-overexpressing neuron containing a large cytoplas-
mic inclusion (arrow) 10 months after injection. C. After injection
in the SN many �-synuclein containing projection neurites in the
striatum display a beaded morphology. D. �-Synuclein-posi-
tive neuritic enlargements in the striatum that colocalise for �-
synuclein (green) and TH (red). E. A small but consistent loss
of dopaminergic neurons has been observed after overexpres-
sion of �-synuclein in the substantia nigra (P = 0.037). F. �-
Synuclein-overexpressing neuron in the amygdala containing �-
synuclein inclusions (arrows) 10 months after transduction.
Scale bars: B, C, F = 5 �m, A, D = 10 �m.



substantia nigra pars compacta and other nuclei and the
presence of dystrophic neurites (LNs) which can be
stained for both �-synuclein and ubiquitin. 
The identification of �-synuclein as a genetic component
in PD has led to the development of �-synuclein over-
expressing transgenic mice (18, 27, 28, 32, 39) and fruit
flies (9). A hallmark pathological feature for any PD
model is the progressive degeneration of dopaminergic
neurons in the substantia nigra. In the first reports on �-
synuclein transgenic mice cell loss was not demonstrat-
ed (7). Two recent publications on transgenic mice
overexpressing �-synuclein under control of the murine
prion promoter reported severe neurodegeneration out-
side of the substantia nigra (12, 25). The discrepancy with
the previously described transgenic mice might be due
to promoter choice. 

While this manuscript was being submitted, 3 stud-
ies describing PD models in rat using recombinant
adeno-associated vectors (AAV) (20, 21) and lentiviral
vectors (4) were published. In contrast with the report-
ed transgenic mice and in accordance with our findings,
targeted overexpression of �-synuclein (WT, A53T and
A30P) in the substantia nigra did induce LB-like
pathology and neurodegeneration in the nigrostriatal
system of the rat. In addition, in one model, significant
motor impairment was demonstrated in about 25% of the
animals (20). In an ongoing experiment in our group, we
have found a time-dependent increase in ipsiversive
amphetamine-induced rotations after transduction of
the rat substantia nigra in about 30% of the animals
(data not shown). There are 2 major differences
between our mouse model and the viral vector-based rat
models with regard to the specificity for specific brain
regions and with regard to ubiquitin staining of inclusions.
In our hands, the neuropathology and neurodegeneration
induced by overexpression of �-synuclein was found
in different brain regions, namely the substantia nigra,
the striatum and the amygdala. In one AAV study the
pathological alterations were reported to be selective
for nigral dopaminergic neurons (20), while in the other
reports injections were confined to the substantia nigra
(4, 21). We have observed �-synuclein-positive cyto-
plasmic inclusions and neuritic varicosities in all
regions targeted. Moreover, approximately 50% of the
transduced striatal neurons were lost after one year.
This number is comparable with the degeneration of
nigral dopaminergic neurons in the rat after AAV-medi-
ated gene transfer of �-synuclein (20, 21). In the sub-
stantia nigra of the mouse we found a degeneration of 10
to 25% of the dopaminergic cells. In the rat models 24
to 80% of dopaminergic neurons were lost. The fact that

cell death is less pronounced in our model may be
explained by the use of a different vector system (LV ver-
sus AAV), a different species (mouse versus rat) or
another promoter (hCMV versus CBA and PGK).
Adeno-associated vectors are reportedly very efficient
viral vectors to transduce the substantia nigra (19, 22).
In our animals only a subset of nigral dopaminergic
neurons was transduced and this probably accounts for
the small degree of neurodegeneration found in the sub-
stantia nigra. A second difference between our mouse
model and the reported rat models relates to the fact
that in the latter models none of the �-synuclein inclu-
sions were ubiquitin-positive (20, 21). In our mice a
fraction of the �-synuclein inclusions contained ubiquitin.
This compares favorably with post mortem tissue from
patients with PD and DLB, where ubiquitination
appears to be a late modification in cells with �-synuclein
pathology (10, 15, 16). The �-synuclein containing
inclusions do not stain with thioflavin S or congo red,
which indicates that �-synuclein is granular and not fib-
rillar in these structures. Electron microscopical studies
are planned to further reveal the conformation of the �-
synuclein protein inside the inclusions. Also, morpho-
logically the inclusions in our mice appear mostly gran-
ular instead of the typical spherical shape in human
Lewy body diseases. These findings are in agreement with
the other viral-vector based studies that have reported
mainly granular cytoplasmic aggregates. Our inclusions
might correspond to less aggregated and less compact �-
synuclein inclusions similar to the pale bodies
described in human pathology (6). 

We did not find any obvious difference in patho-
genicity between the wild-type and A30P mutant form of
�-synuclein. Neuropathology has been observed with
wild-type, A30P and A53T mutant �-synuclein in trans-
genic mice (18, 27, 39) and in viral vector-based rat
models (20, 21). However, in 2 recent transgenic mouse
models, a significantly greater in vivo neurotoxicity
was observed for the A53T mutant than for the wild-type
protein (13, 25) and A30P variant (25). 

Finally, we believe that stereotactic viral vector-
mediated gene transfer provides an interesting method to
create disease models, with several advantages com-
pared to classical transgenesis. Expression of the trans-
gene can be initiated at different ages, making compen-
satory changes in gene expression or induction of
alternative pathways to counteract the transgene phe-
notype less likely to occur. This might explain why the
pathological changes in the viral vector-based studies start
at a relatively young age as compared to the reported
transgenic mice. Moreover, and highly relevant to gene
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therapeutic applications, a single vector can be applied
in different species (mouse-rat-primate) and in different
mouse genetic backgrounds. By using a mouse rather than
a rat model, we can combine the technology readily
with transgenic mice. The injected hemisphere can be
compared to the contralateral side to eliminate genetic
variation. Tissue-specific promoters are used to restrict
gene expression in transgenic mice; here locoregional
expression of the genes is obtained by stereotactic
injection. The technology of LV-mediated gene transfer
is less labor-intensive and time-consuming than classi-
cal transgenesis. And finally, there is more flexibility in
expressing new mutants, newly discovered genes or
new combinations of genes. 
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