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Mutations in the leucine-rich repeat kinase (LRRK2) gene cause late-
onset autosomal dominant Parkinson’s disease (PD) with pleiomor-
phic pathology. Previously, we and others found that expression of
mutant LRRK2 causes neuronal degeneration in cell culture. Here we
used the GAL4/UAS system to generate transgenic Drosophila ex-
pressing either wild-type human LRRK2 or LRRK2-G2019S, the most
common mutation associated with PD. Expression of either wild-type
human LRRK2 or LRRK2-G2019S in the photoreceptor cells caused
retinal degeneration. Expression of LRRK2 or LRRK2-G2019S in neu-
rons produced adult-onset selective loss of dopaminergic neurons,
locomotor dysfunction, and early mortality. Expression of mutant
G2019S-LRRK2 caused a more severe parkinsonism-like phenotype
than expression of equivalent levels of wild-type LRRK2. Treatment
with L-DOPA improved mutant LRRK2-induced locomotor impairment
but did not prevent the loss of tyrosine hydroxylase-positive neurons.
To our knowledge, this is the first in vivo‘‘gain-of-function’’ model
which recapitulates several key features of LRRK2-linked human
parkinsonism. These flies may provide a useful model for studying
LRRK2-linked pathogenesis and for future therapeutic screens for PD
intervention.

dopaminergic neuron � Parkinson’s disease

Mutations in the leucine-rich repeat kinase (LRRK2) gene
cause late-onset autosomal dominant Parkinson’s disease

(PD) with pleiomorphic pathology, including nigral degenera-
tion, Lewy bodies, and neurofibrillary tau-positive tangles (1–4).
The LRRK2 gene spans a 144-kb genomic region, with 51 exons
encoding 2,527 aa. The gene is expressed in all tissues examined,
although at low levels. LRRK2 contains multiple conserved
domains including MAP kinase kinase kinase (MAPKKK),
leucine-rich repeat (LRR), GTPase (ROC and COR), and
WD40 domain (1, 2). The normal biological function of LRRK2
is unclear, although suppression of LRRK2 with siRNAs or a
dominant inhibitory allele leads to increased neurite length and
complexity (5). The discovery of PD-linked point mutations in
almost all of the predicted domains of LRRK2, the absence of
deletions or truncations, and the dominant inheritance of the
disease suggest a ‘‘gain-of-function’’ mechanism for LRRK2-
linked PD.

The LRRK2 MAPKKK domain contains sequence homology to
both serine/threonine and tyrosine kinases. Several pathogenic
mutations of LRRK2 in PD have been found within the protein
kinase domain active segment (e.g., G2019S), suggesting that these
mutations may cause pathology through altering the enzymatic
activity of LRRK2 (1, 2, 6). G2019S is the most common mutation
in LRRK2-associated PD (7–9) and is believed to increase LRRK2
kinase activity in assays to measure autophosphorylation or phos-
phorylation of generic substrates (5, 10–14). Controversy exists
regarding whether the other PD mutations alter LRRK2 kinase
activity (14, 15). Abolishing LRRK2 kinase activity diminishes the
toxicity of all PD mutants tested in cell culture (11, 12), suggesting
that LRRK2 protein kinase activity may play an important role in
PD pathogenesis (6).

Increasing evidence suggests that Drosophila melanogaster is
an excellent model organism for studying neuronal degenerative

diseases (16, 17) such as PD, Alzheimer’s disease, tauopathies,
amyotrophic lateral sclerosis, hereditary spastic paraplegia and
polyglutamine diseases, and spinocerebellar ataxia (17, 18). The
LRRK2 gene is highly conserved across species. Drosophila has
a single orthologue of the human LRRK2 (CG5483), and a loss
of function in this gene has been described (19). However, the
loss-of-function mutation of Drosophila CG5483 does not con-
stitute an adequate model for the most common forms of
LRRK2-linked PD, which appear to be gain-of-function muta-
tions (like G2019S). To create a pathogenic gain-of-function
model for LRRK2-linked disease, we generated transgenic flies
expressing full-length human wild-type LRRK2 and mutant
LRRK2-G2019S. We found that overexpression of LRRK2 or
LRRK2-G2019S led to retinal degeneration, selective loss of
dopaminergic (DA) neurons, decreased climbing activity, and
early mortality. Expression of mutant LRRK2-G2019S caused a
more severe phenotype than wild-type LRRK2. Thus, the
LRRK2 transgenic flies recapitulated several key features of
human parkinsonism, indicating that overexpression of LRRK2
in flies may provide a model for the human disease.

Results
LRRK2 Induces Retinal Degeneration. To address whether overex-
pression of wild-type human LRRK2 and the mutant LRRK2-
G2019S phenocopy the human disease in flies, we introduced these
proteins in specific subsets of cells using the GAL4/UAS system
(20). This system takes advantage of the yeast GAL4 transcription
factor, which binds specifically to the upstream activation sequence
(UAS). Thus, UAS-linked transgenes can be expressed in specific
cell types under the control of a given promoter (promoter-GAL4).
To determine whether introduction of LRRK2 and LRRK2-
G2019S causes a parkinsonism-like phenotype, we first assayed for
retinal degeneration, because photoreceptor cell death has been
used to assay neurodegeneration in other fly models of PD (18, 21).
Therefore, we expressed two lines of UAS-LRRK2 (1 and 4) and two
lines of UAS-LRRK2-G2019S (2 and 3) in photoreceptor cells,
under the control of the glass multiple reporter (GMR)-GAL4. Using
antibodies directed against the N-terminal Flag tags, we found that
the wild-type and mutant proteins were stably expressed (Fig. 1A).

The fly compound eye comprises �800 repeat units, omma-
tidia, each including seven photoreceptor cells in any given plane
of section. Each photoreceptor cell has a microvillar structure,
the rhabdomere, which is the site of photoreception and is the
invertebrate equivalent of the rod and cone outer segment. To
examine the kinetics of retinal degeneration, we used the optical
neutralization technique. As shown, retinal degeneration was
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detectable by 3 weeks after eclosion in LRRK2 transgenic flies
and increased markedly in older flies in comparison with GMR-
GAL4 or UAS only control f lies (Fig. 1 B and C).

Expression of LRRK2 by ddc-GAL4 Causes Early Mortality and Loco-
motion Impairment. To express LRRK2 in DA neurons, we com-
bined the UAS-WT-LRRK2 and UAS-G2019S-LRRK2 transgenes
with the dopa decarboxylase (ddc)-GAL4 driver. Using an anti-Flag
antibody, both wild-type and mutant LRRK2 were readily detected
in fly head homogenates (Fig. 2A). Survival curves used to examine
whether expression of either LRRK2 or LRRK2-G2019S in DA
neurons affected fly viability revealed that expression of either
LRRK2 or LRRK2-G2019S caused premature mortality (Fig. 2B),
although expression of mutant LRRK2-G2019S caused more se-
vere mortality at equivalent expression level (Fig. 2 A and B). The
ages at which 50% of the LRRK2-1 and G2019S-2 transgenic flies
survived were 48 and 38 days, respectively. The G2019S-3 line had
much lower expression than wild-type LRRK2-1 but had a faster
rate of mortality (Fig. 2B).

To measure the behavioral differences resulting from expres-
sion of LRRK2 in DA neurons, we used a climbing assay
(negative geotaxis test). When tapping the flies to the bottom of
the vial, nearly all control f lies (ddc-GAL4 or the UAS-LRRK2)
that were �7 weeks old climbed rapidly to the top of the vial (Fig.
2C). As the control f lies aged, they were no longer able to climb
to the top of the vial but instead made short abortive climbs and
fell back to the bottom of the vial. We found that young (�7 days
old) flies expressing either wild-type or mutant LRRK2-G2019S
climbed as well as nontransgenic control f lies. However, over
time, their performance declined more rapidly than that of the
control f lies, revealing a locomotor dysfunction of the LRRK2
transgenic flies (Fig. 2C). Moreover, G2019S-2-expressing flies
displayed more severe impairment than flies expressing wild-
type LRRK2-1 at comparable levels (Fig. 2C).

To further assess the deficits in locomotor activity, we used an
actometer to assess the locomotor activity in 5-week-old flies
during a 12-h dark/12-h light cycle. The control f lies displayed
two peaks of activity, and expression of either wild-type or
LRRK2-G2019S did not affect the times at which peak activity
occurred. By contrast, expression of the LRRK2 transgenes in
DA neurons decreased the frequency of locomotor activity (Fig.
2D). Consistent with the climbing assay, the activity of the flies
expressing LRRK2-G2019S was more severely impaired than
that of flies expressing wild-type LRRK2 at equivalent levels
(Fig. 2D). Finally, treatment of ddc-GAL4;G2019S-2 f lies (5
weeks of age) with 1 mM L-DOPA for 10 days significantly
improved the locomotor activity of ddc-GAL4;G2019S-2 f lies
(Fig. 2E).

LRRK2 Induces DA Neuronal Degeneration. Six neuronal DA clusters
are normally present in each Drosophila adult brain hemisphere
(22, 23). These neurons express tyrosine hydroxylase (TH),
which is an enzyme required for the biosynthesis of dopamine.
Flag-LRRK2-linked immunofluorescence was evident in neu-

Fig. 1. LRRK2 induced retinal degeneration. (A) Expression of Flag-LRRK2
and Flag-LRRK2-G2019S in photoreceptor cells. Fly head extracts prepared
from the indicated transgenic flies were fractionated and subjected to West-
ern blot analysis using anti-Flag antibodies. (B) Time course of photoreceptor
degeneration determined by the optical neutralization technique. Each data
point was based on examination of �90 ommatidia from at least six flies.
Statistically significant differences between control and LRRK2 or LRRK2-
G2019S transgenic flies are indicated: *, P � 0.05 by ANOVA. (C) Ommatidia of
5-week-old flies examined by transmission electron microscopy.

Fig. 2. Expression of LRRK2 protein by ddc-GAL4 driver caused locomotor
dysfunction. (A) Expression of LRRK2 proteins in flies containing the ddc-GAL4
in combination with the UAS-LRRK2 transgenes. Head extracts from the
indicated fly stocks were subjected to Western blot analysis by using anti-Flag
antibodies [20 �g of protein per lane, except for the ddc-GAL4;LRRK2–4
(10 �g)]. (B) Survival curves of flies expressing either LRRK2 or LRRK2-G2019S
(n � 50). (C) Cohorts of 60 flies from each genotype were subjected to climbing
assays weekly. Statistically significant differences between the control and
LRRK2 transgenic lines (except the 4 week data) are indicated: *, P � 0.05 by
ANOVA. Statistically significant differences between LRRK2-1 and G2019S-2
flies are indicated: #, P � 0.05 by ANOVA. (D) Cohorts of 20 flies from each
genotype at 5 weeks of age were subjected to the actometer to measure
locomotor activity. Shown are representative data from three separate ex-
periments. (E) Flies at 5 weeks of age were untreated or were treated with
1 mM L-DOPA for 10 days, then subjected to climbing assays. Statistically
significant differences between untreated ddc-GAL4;G2019S-2 flies are indi-
cated: *, P � 0.05 by ANOVA.
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rons of all DA neuron clusters and colocalized with anti-TH
immunostaining (data not shown). To assess whether expression
of LRRK2 resulted in degeneration of DA neurons, brains from
transgenic flies at 1, 21, 35, and 49 days after eclosion were
dissected and immunostained with anti-TH antibodies. In con-
trol f lies (ddc-GAL4 or UAS-LRRK2 f lies), the DA clusters did
not change significantly in number or morphology during aging,
as monitored by anti-TH staining (Fig. 3B). At 1 day after
eclosion, there were no differences in anti-TH-positive staining
between the control and LRRK2 or LRRK2-G2019S f lies (Fig.
3B). However, at 5 weeks of age, anti-TH staining decreased
significantly in flies expressing either wild-type or mutant
LRRK2-G2019S (Fig. 3 B–D). We counted the TH-positive cells
in all clusters except in the paired anterolateral medial (PAM)
cluster, because the density of the neurons in PAM was too high
to allow precise quantification. We found statistically significant
TH-positive neuronal loss in all of the DA clusters examined
(Fig. 3C). In addition, mutant LRRK2-G2019S caused more
TH-positive neuronal loss than wild-type LRRK2 at equivalent
expression levels (Fig. 3 B–D). Although L-DOPA improved the
mutant LRRK2-induced locomotor impairment, it did not pre-
vent the loss of TH-positive neurons (data not shown).

Because ddc-GAL4 can also lead to LRRK2 transgenes ex-
pressing in serotonin (5-HT) neurons, we also examined whether
LRRK2 protein affected 5-HT neurons using anti-5-HT whole-

mount brain immunohistochemical analysis. We found that the
brains of flies expressing either wild-type or mutant LRRK2-
G2019S at 5 and 7 weeks after eclosion displayed 5-HT immu-
noreactivity (data not shown) similar to that of the control f lies.

Expression of LRRK2 in All Neurons Causes Late-Onset Locomotion
Impairment and Selective Loss of TH-Positive Neurons. To further
determine the effect of LRRK2, we expressed LRRK2 protein
using the panneuronal driver, the embryonic lethal abnormal
visual system gene (elav)-GAL4, achieving comparable levels of
expression in elav-GAL4;LRRK-1 and elav-GAL4;G2019S-2 f ly
brains by RT-PCR (Fig. 4 A and B) and anti-Flag Western blot
(Fig. 4C). The human LRRK2 transgene transcripts were more
abundant than CG5483 (Fig. 4 A and B). Importantly, we found
that the protein kinase activity in homogenates from elav-
GAL4;G2019S-2 f ly heads was �2.8-fold higher than that mea-
sured in elav-GAL4;LRRK2-1 (Fig. 4C). At 1 week after eclosion,
f lies expressing either wild-type or mutant LRRK2 under the
control of elav-GAL4 displayed normal locomotor activity (Fig.
4D). However, by 6 weeks, the climbing assay showed significant
motor impairment in elav-GAL4;G2019S-2 f lies and a slight

Fig. 3. Expression of LRRK2 protein by ddc-GAL4 driver induced loss of
TH-positive DA neurons. (A) Diagram of DA and 5-HT neuron clusters in the
medial and lateral areas of the adult fly brain as in previous publications (35,
36). (Left) Five clusters: PPM1 (unpaired), PPM2 (paired), PPM3 (paired; pro-
tocerebral posterior medial), and PPL1 and PPL2 (paired; protocerebral pos-
terolateral) on the posterior side. (Center) Two DA clusters: PAL (protocerebral
anterolateral) and PAM (paired anterolateral medial) on the anterior side.
(Right) Five distinct 5-HT neuronal clusters (SP1, SP2, LP1, LP2, and IP) in the
two brain hemispheres. (B–D) Dissected whole brains were subjected to
anti-TH immunofluorescent staining. (B) Quantitation of TH-positive neurons
in PPM1/2 clusters in transgenic flies of the indicated ages. (C) Average
numbers of TH-positive neurons per DA cluster in 5-week-old flies of the
indicated genotypes. (D) Representative images of anti-TH staining in PPM1
and PPM2 clusters from 5-week-old flies of the indicated genotypes. Statisti-
cally significant differences between the control and all LRRK2 transgenic lines
are indicated: *, P � 0.05 by ANOVA. Statistically significant differences
between LRRK2-1 and G2019S-2 flies are indicated: #, P � 0.05 by ANOVA.

Fig. 4. Expression of LRRK2 by elav-GAL4 driver caused late-onset locomotor
impairment. (A and B) Expression of CG5483 and human LRRK2 in various
types of fly brain tissues. Total RNA was prepared from fly brain tissues, and
cDNA was generated. Semiquantitative RT-PCR was performed by using prim-
ers for CG5483 and human LRRK2 to assess mRNA levels. (A) Representative
image of RT-PCR products. (B) Quantitative analysis of relative mRNA levels of
CG5483 and human LRRK2. *, P � 0.05 versus UAS-LRRK2 by ANOVA. (C) LRRK2
autophosphorylation (kinase) analysis of various fly head homogenates. Anti-
Flag-LRRK2 immunoprecipitated samples from fly head homogenates were
incubated with [�-32P]ATP, subjected to SDS/PAGE, and blotted onto PVDF
membranes. The samples were then imaged by using a phosphoimaging
system. The incorporation of [�-32P]ATP into LRRK2 protein increased by
�2.8-fold in elav-GAL4;G2019S-2 flies compared with elav-GAL4;LRRK2-1
flies. Shown are representative images from three independent experiments.
(D) Cohorts of 60 flies from each genotype were subjected to climbing assays
weekly. Statistically significant differences between the control and all LRRK2
transgenic lines are indicated: *, P � 0.05 by ANOVA. Statistically significant
differences between LRRK2-1 and G2019S-2 flies are indicated: #, P � 0.05 by
ANOVA. (E) Survival curves of flies expressing either LRRK2 or LRRK2-G2019S
(n � 50).
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deficit in elav-GAL4;LRRK2-1 f lies compared with control f lies
(Fig. 4D). The climbing performance of flies expressing either
LRRK2-1 or LRRK2-G2019S-2 declined more rapidly than that
of control f lies. Moreover, the mutant LRRK2-G2019S f lies
exhibited more severe impairment than did the wild-type flies 6
week after eclosion (Fig. 4D). We also found that expression of
LRRK2-1 and LRRK2-G2019S-2 shortened the lifespan com-
pared with control f lies (Fig. 4E). The ages at which 50% of the
LRRK2-1 and G2019S-2 transgenic flies survived were 49 and 55
days, respectively.

Analysis of brains of elav-GAL4;G2019S-2 f lies at 5 weeks of
age revealed reductions in TH immunoreactivity up to 22% in
DA clusters whereas the elav-GAL4;LRRK2-1 f lies showed only
a slight decrease (Fig. 5 C and D). At 7 weeks of age, f lies
expressing LRRK2-1 or LRRK2-G2019S-2 showed significant
decreases in anti-TH staining up to 28% and 50%, respectively.
In contrast, there were no significant changes in anti-elav and
anti-5-HT immunostaining at 5 weeks (Fig. 5) and 7 weeks (data
not shown) of age compared with nontransgenic control f lies.
These results indicate that expression of LRRK2 proteins was
selectively toxic for DA neurons and that LRRK2-G2019S was
more toxic than wild-type LRRK2.

Discussion
Mutations in the LRRK2 gene represent the most common
known cause of PD (1, 2, 24). Unlike mutations in other
PD-linked genes, LRRK2-linked disease has a clinical progres-
sion and neurochemical phenotype similar to that of typical
late-onset disease, but little is known about LRRK2-linked
molecular pathogenesis. Here we have created gain-of-function
LRRK2 Drosophila models by overexpressing the human wild-
type LRRK2 and the mutant form LRRK2-G2019S. Expression

of both forms of LRRK2 led to retinal degeneration, selective
loss of DA neurons in the brain, early mortality, and locomotor
impairment. Moreover, LRRK2-G2019S caused a more severe
parkinsonism-like phenotype than wild-type LRRK2. Treatment
with L-DOPA improved the mutant LRRK2-induced locomotor
impairment but did not prevent the loss of TH-positive neurons,
similar to LRRK2-linked human PD.

Expression of LRRK2 in all neurons under the control of the
elav-GAL4 caused a less severe phonotype in flies than specific
expression of LRRK2 in DA neurons under the control of the
ddc-GAL4, although the expression levels of proteins in fly head
homogenates was higher in elav-GAL4;LRRK2 f lies. This para-
dox may be explained by the lower expression of LRRK2
proteins in DA neurons by elav-GAL4. LRRK2 triggered the loss
of anti-TH immunostaining but not the significant loss of
anti-elav or anti-5-HT immunostaining, indicating that LRRK2-
induced toxicity is preferentially localized to DA neurons in the
brain, which is reminiscent of human PD. The manifestation of
symptoms in PD patients is associated with the loss of 50–60%
of DA neurons (25–27). We found that 5-week-old ddc-
GAL4;G2019S-2 f lies and 7-week-old elav-GAL4;G2019S-2 f lies
had an �50% reduction of TH-positive neurons. These results
indicated that LRRK2 induced the loss of DA neurons or TH
expression. In either case there would be loss of DA function.
Moreover, the LRRK2 f lies displayed parallel kinetics in the loss
of TH-positive neurons and locomotor dysfunction, suggesting
that these abnormalities may be causally related.

Expression of wild-type LRRK2 protein was toxic, albeit less
so than expression of LRRK2-G2019S. These results raise the
possibility that an elevated concentration of wild-type LRRK2
protein under some circumstances, such as genetic variation or
cellular stress, may lead to DA neuronal degeneration and
locomotor impairment and subsequently may contribute to some
cases of human PD. As a related example, genetic duplication or
triplication at the �-synuclein locus leading to overexpression of
wild-type �-synuclein caused PD (28), although there are as yet
no similar reports that elevated expression of wild-type LRRK2
links to human PD. A recent report shows that the disease
phenotype and mortality of patients with heterozygous versus
homozygous G2019S mutations are similar (29). However, there
was an expression-level-dependent effect in phenotype between
different G2019S fly lines. G2019S-2, which had a higher ex-
pression level than G2019S-3, has a faster rate of mortality and
locomotor impairment than G2019S-3. At comparable expres-
sion levels, the mutant G2019S-LRRK2 had a more severe
phenotype than wild-type LRRK2. The G2019S-3 line had much
lower expression than wild-type LRRK2-1 but had a faster rate
of mortality. We further found that mutant G2019S-2 had higher
autophosphorylation activity than wild-type LRRK2-1. These
results are consistent with in vitro findings that mutant LRRK2-
G2019S has higher protein kinase activity and causes greater
toxicity than wild-type LRRK2 (5, 10–14). A recent report shows
that the G2019S mutation in LRRK2 appears to increase
autophosphorylation through a process that seems to involve
reorganization of the kinase activation segment and suggests a
molecular explanation for how the G2019S mutation enhances
the catalytic activity of LRRK2, thereby leading to pathogenicity
(13). Another possibility is that LRRK2 may act as a scaffold
protein to alter other signaling molecules leading to pathoge-
nicity through its specific protein–protein interaction domains
(LRR and WD40). Clarifying the effects of PD-associated
mutation on kinase activity and PD pathogenesis awaits the
identification of true LRRK2 substrates and interaction part-
ners. LRRK2 Drosophila may be a potential useful in vivo system
to identify these LRRK2 interactors or substrates.

Drosophila CG5483 (the fly homolog of LRRK2) is expressed
in all tissues examined and may be enriched in brain and
thoracicoabdominal ganglion according to the FlyBase database

Fig. 5. Expression of LRRK2 in all neurons caused selective loss of anti-TH-
positive neurons. (A) Anti-elav whole-mount brain immunofluorescence of
flies at 5 weeks after eclosion showed that expression of either LRRK2-1 or
G2019S-2 did not significantly change the density of immunofluorescence.
There was a slight but not significant decrease in anti-elav staining in LRRK2
transgenic flies. This could be due to loss of anti-TH-positive neurons. (B)
Anti-5-HT whole-mount brain immunofluorescence of flies at 5 week after
eclosion showed that expression of either LRRK2-1 or G2019S-2 did not cause
loss of 5-HT-positive neurons. (C) Anti-TH whole-mount brain immunofluo-
rescence of flies at 5 weeks after eclosion showed that expression of G2019S
induced loss of TH-positive neurons. (D) Representative images of whole-
mount brain sections of flies 5 weeks after eclosion. (Left) Anti-elav staining
brain section. (Center) SP1, SP2, and IP 5-HT neuronal clusters with anti-5-HT
staining. (Right) PPM1 and PPM2 TH-stained DA neuronal clusters.
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(http://f lybase.bio.indiana.edu/reports/FBgn0038816.html) by
cDNA array. The loss-of-function mutant studies indicate that
the Drosophila CG5483 protein is critical for the integrity of fly
DA neurons (16). Transgenic expression of Drosophila wild-type
CG5483 and a mutation (R1069C) corresponding to the human
R1441C mutation does not show any significant defects (16).
This mutation in the context of Drosophila CG5483 may not be
as pathogenic as the same R1441C change in the context of the
human LRRK2 patients. Alternatively, the expression level of
this mutant allele may not reach the pathology threshold in the
fly. A recent report shows that overexpression of mouse LRRK2
with a mutation corresponding to the R1441C mutation in
human LRRK2 results in biochemical features similar to those
of human LRRK2-R1441C; whether these mice display motor
dysfunction and DA neuronal loss has not been reported (30).
Introduction of the human LRRK2 protein kinase domain
fragment into adult rat substantia nigra, via adenoassociated
virus-2-mediated gene transduction, has been reported to cause
of degeneration of DA neurons (5).

To our knowledge, our study is the first report of an animal
gain-of-function model expressing full-length human LRRK2.
The limitations of our study are that we have used only one
mutation (albeit the most common) and that LRRK2 proteins
may be overexpressed relative to the endogenous fly LRRK2
homolog. However, f lies with lower expression had a phenotype
similar to those with higher expression, just less severe. The
findings in this study need to be extended to vertebrate animals
and compared with human patients. It is noteworthy that the
phenotype of the LRRK2 flies recapitulates several key features
of the human disorder and can be improved by L-DOPA, thereby
representing a valuable genetic model for pathogenesis study of
LRRK2-linked parkinsonism. This model may be useful to screen
for LRRK2 interactors and to search for LRRK2 substrates. No
effective treatments are as yet available to prevent the progres-
sive death of DA neurons in PD. The Drosophila model of
mutant �-synuclein has unveiled a gain-of-function mechanism
for mutant �-synuclein-linked PD and provided a model for
testing neuroprotective strategies for �-synuclein-mediated tox-
icity (18, 31). Similarly, the LRRK2 flies may provide a useful in
vivo model for therapeutic screens to prevent neuronal loss and
to rescue locomotor dysfunction in PD.

Methods
Generation of Human LRRK2 Transgenic Flies. To generated UAS-LRRK2 and
UAS-LRRK2-G2019S transgenic flies, the genes encoding these human pro-
teins with N-terminal Flag tags were excised from pcDNA3.1 vectors, cloned
between the XhoI site of pUAST vector (20), and verified by sequencing. The
resulting constructs were microinjected in w1118 fly embryos (Rainbow Trans-
genic Flies). We obtained two transgenic lines each of UAS-LRRK2 and UAS-
LRRK2-G2019S. The LRRK2 expression levels were examined by anti-Flag West-
ern blot analysis. We used elav-GAL4, ddc-GAL4 (32), and GMR-GAL4 (33) to
express UAS-LRRK2 and UAS-LRRK2-G2019S in all neurons, DA neurons, and
photoreceptor cells, respectively. We selected two representative wild-type
(LRRK2-1 and LRRK2–4) and mutant (G2019S-2 and G2019S-3) lines to conduct
the phenotype characterization. Drosophila were grown on standard corn-
meal medium at 25°C.

Western Blot Analysis. Adult fly heads were homogenized at 4°C in buffer A (50
mM Tris�HCl, pH 7.5/1 mM EGTA/0.5 M NaCl/1% Triton X-100/1 mM DTT with
protease inhibitors) and extracted as described (33). The resulting homoge-
nates were subjected to Bradford protein assays to ensure equal protein
loading and resolved on 4–12% SDS/NuPAGE Bis-Tris gels and transferred
onto PVDF membranes (Invitrogen). The membranes were blocked in TBST (pH
7.4, 10 mM Tris�HCl/150 mM NaCl/0.1% Tween 20) containing 5% nonfat milk
and then probed with anti-Flag antibody (Sigma). Proteins were detected by
using enhanced chemiluminescence reagents (NEN).

Optical Neutralization Technique. Adult fly heads were mounted on micro-
scope slides using clear nail varnish and observed under a light microscope

(33). To obtain a semiquantitative and unbiased index of retinal degenera-
tion, the investigator counting the number of visible rhabdomeres did not
know the genotype of the samples. The mean number of rhabdomeres per
ommatidium was calculated. Rhabdomeres were counted by using cohorts of
six flies of each genotype weekly during the lifespan of flies.

Electron Microscopy. Fly heads were hemisected under a dim red photographic
safety light, fixed (2% paraformaldehyde/2% glutaraldehyde in 0.1 M sodium
cacodylate/3 mM calcium chloride, pH 7.2) at 4°C overnight, and postfixed in
reduced osmium tetroxide for 1 h. Samples were stained en bloc with 2%
uranyl acetate (filtered) and dehydrated through a graded series of ethanol.
Eyes were oriented in gelatin capsules (size 00) and cured at 50°C for 24 h.
Blocks were sectioned on a Riechert Ultracut E with a low-compression Di-
atome Diamond knife. Eighty-nanometer sections were picked up on copper
slot grids and stained with uranyl acetate followed by lead citrate. Grids were
viewed on a Hitachi 7600 TEM operating at 80 kV, and digital images were
captured with an AMT 1 K � 1 K CCD camera as described (33).

Survival Curve. Cohorts of 50 flies from each genotype were monitored for
survival. Flies were maintained on standard media, and fresh food media were
changed every 3–4 days. Mortality was scored daily and analyzed by using
Kaplan–Meier survival curves. This experiment was repeated once.

Climbing Assay. We determined locomotor ability using a climbing assay
(negative geotaxis assay) as described previously (23). Cohorts of 60 flies from
each genotype were subjected to the assay weekly from 1 week to the time of
death. The tested flies were age-matched, randomly selected, anesthetized,
and placed in a vertical plastic column (length, 25 cm; diameter, 1.5 cm). After
a 30-min recovery from CO2 exposure, flies were gently tapped to the bottom
of the column. We counted and calculated the percentage of flies that could
climb to or above the median line of the cylinder in 10 seconds. Each week, the
assay was repeated three times.

Actometer Test. Cohorts of 20 flies from each genotype were subjected to the
actometer assay at 5 weeks of age. A single fly was placed in a small tube with
food at one end and was monitored for 3 days under standard conditions of
12-h light and 12-h darkness intervals. Activity was recorded on the computer
every time the fly crossed an infrared beam (locomotion actograms), and the
data were grouped into 30-min bins as described (34).

Real-Time RT-PCR. To determine the expression of CG5483 and human LRRK2
at the mRNA level, primers were designed targeting CG5483 (5�-CGGCCTATT-
TAAACGCCACAGCAA-3� and 5�-AACTGAAGTGTTGCGCGAAGAACC-3�) and
human LRRK2 (5�-ATTGCGAACCTGGATGTCTCTCGT-3� and 5�-TCAGGCAC-
GAAGCTCAGCTGATTA-3�), respectively. The semiquantitative real-time RT-
PCR was performed by using Stratagene Mx3000P PCR motion and Brilliant II
QRT-PCR Master Mix kit according to the manufacturer’s protocol.

Immunoprecipitation (IP) and in Vitro Autophosphorylation (Kinase) Assays. IP
experiments from fly head homogenates were performed with anti-FLAG-
agarose (Sigma). Precipitates were washed twice with lysis buffer and twice
with kinase assay buffer (Cell Signaling Technology). A kinase activity assay
was described previously using autophosphorylation because the authentic
substrate(s) is not yet known (12). Briefly, kinase reactions were carried out for
90 min at 30°C in 40 �l of kinase assay buffer with the addition of 15 �l of
solution containing 50 mM MgCl2, 500 �M ATP, and 10 �Ci of [�-32P]ATP (3,000
Ci/mmol). Reactions were stopped by the addition of Laemmli sample buffer
and boiling for 5 min. Samples were separated on 4–12% SDS/PAGE and
blotted onto PVDF membranes. Quantification was performed with a phos-
phoimager (Bio-Rad Molecular Imager FX).

Immunostaining and Cell Counting. Fluorescent immunostaining was per-
formed on whole-mount dissected adult brain (23, 35) at 1, 21, 35, and 49
weeks of age. Cohorts of six to eight flies per genotype were used at each time
point for immunostaining. The dissected brains were mounted in Vectashield
(Vector Laboratories).

Rabbit polyclonal anti-TH (Chemicon), mouse monoclonal anti-TH (Immu-
nostar), anti-5-HT (Sigma), anti-elav (Developmental Studies Hybridoma
Bank), and anti-Flag-antibodies were used as the primary antibodies. Alexa
Fluor 488 goat anti-mouse IgG and Alexa Fluor 568 goat anti-mouse IgG
(Invitrogen) were used as secondary antibodies. The numbers of DA and 5-HT
neurons were scored in whole-mount brains under fluorescent (Zeiss LSM 250)
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and/or confocal microscopy (Zeiss LSM 510). For quantification of loss of
anti-elav staining in brain, entire brain sections were digitized with an image
analysis system. NIH Image J software was used to measure the optical density
of anti-elav staining within the entire brain section (six brain sections per
experimental group).

Data Analysis. Quantitative data were expressed as arithmetic means � SEM
based on at least three separate experiments. Statistically significant differ-

ences between two groups were analyzed by ANOVA. A P value �0.05 was
considered significant.
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