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Brief Communications

AMP Kinase Activation Mitigates Dopaminergic Dysfunction
and Mitochondrial Abnormalities in Drosophila Models of
Parkinson’s Disease
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Mutations in parkin and LRRK2 together account for the majority of familial Parkinson’s disease (PD) cases. Interestingly, recent
evidence implicates the involvement of parkin and LRRK2 in mitochondrial homeostasis. Supporting this, we show here by means of the
Drosophila model system that, like parkin, LRRK2 mutations induce mitochondrial pathology in flies when expressed in their flight
muscles, the toxic effects of which can be rescued by parkin coexpression. When expressed specifically in fly dopaminergic neurons,
mutant LRRK2 results in the appearance of significantly enlarged mitochondria, a phenotype that can also be rescued by parkin coex-
pression. Importantly, we also identified in this study that epigallocatechin gallate (EGCG), a green tea-derived catechin, acts as a potent
suppressor of dopaminergic and mitochondrial dysfunction in both mutant LRRK2 and parkin-null flies. Notably, the protective effects
of EGCG are abolished when AMP-activated protein kinase (AMPK) is genetically inactivated, suggesting that EGCG-mediated neuropro-
tection requires AMPK. Consistent with this, direct pharmacological or genetic activation of AMPK reproduces EGCG’s protective effects.
Conversely, loss of AMPK activity exacerbates neuronal loss and associated phenotypes in parkin and LRRK mutant flies. Together, our
results suggest the relevance of mitochondrial-associated pathway in LRRK2 and parkin-related pathogenesis, and that AMPK activation

may represent a potential therapeutic strategy for these familial forms of PD.

Introduction

Parkinson’s disease (PD) is a prevalent neurodegenerative move-
ment disorder characterized pathologically principally by the loss
of dopaminergic (DA) neurons in the substantia nigra. Although
a subject of intense research, the etiology of PD remains poorly
understood. However, during the last decade or so, the identifi-
cation and functional characterization of several genes whose
mutations are causative of familial forms of PD have provided
tremendous insights into the molecular events underlying neu-
rodegeneration in PD (Kumar et al., 2010; Corti et al., 2011).
Collectively, these studies implicate aberrant mitochondrial ho-
meostasis as one of the key contributors to PD.
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Among the disease-associated genes, recessive mutations
in Parkin and dominant mutations in LRRK2 (especially the
G2019S variant) are currently recognized to be the most prevalent
cause of early-onset and late-onset familial PD, respectively (Healy et
al., 2008; Kumari and Tan, 2009). Interestingly, Drosophila parkin
and LRRK2 mutants could reproduce the essential pathological
phenotypes as well as the age of disease onset associated with
the two PD-linked genes (Lim and Ng, 2009; Dawson et al.,
2010). Further, Drosophila parkin mutants exhibit pro-
nounced mitochondrial abnormalities in their flight muscula-
ture, a phenotype that can be rescued by overexpression of
wild-type human parkin (Greene et al., 2003; Park et al., 2006;
Wang et al., 2007). Importantly, parkin overexpression in flies
also protects against LRRK2 G2019S-mediated DA neurotox-
icity in the presence or absence of rotenone, a mitochondrial
complex I inhibitor (Ng et al., 2009). Together, these results
suggest a link between the two PD-linked genes and mito-
chondrial function. Accordingly, we speculate that mutant
LRRK2 expression may affect mitochondrial function in a
similar manner brought about by parkin deficiency.

Here, we demonstrated by means of the Drosophila model
system that transgenic expression of human LRRK2 G2019S mu-
tant induces marked mitochondrial pathology in vivo, and that
parkin coexpression effectively rescued this mutant LRRK2-
induced phenotype. Importantly, we found that pharmacological
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LRRK2-induced mitochondrial pathology can be rescued by parkin overexpression. A, TEM images of indirect flight muscles of 40- and 60-d-old flies expressing 24B-driven wild-type

(WT) and G2019S human LRRK2. Boxed regions in the top panels are shown at higher magnification in corresponding bottom panels. B, Climbing score of 24B-driven wild-type, LRRK2 G20195-
expressing, and LRRK2 G20195/parkin double-transgenic flies (GS>>hPK) at different age posteclosion, as indicated. ¢, TEM images of indirect flight muscles of 40- and 60-d-old 24B-driven LRRK2
G2019S-expressing flies in the absence or presence of human parkin coexpression (GS>hPK). D, Representative confocal microscopy images showing the expression and localization of mito-GFP
(under the direction of Ddc-GAL4 promoter) (green) in TH-positive neurons (red) of control and various mutant flies, as indicated. Control refers to yw wild-type fly strain in all cases. Number refers
to the average size = SD of mito-GFP puncta in various LRRK2 flies relative to control (in arbitrary units).

or genetic activation of AMP-kinase (AMPK), a key cellular reg-
ulator of energy metabolism (Hardie, 2011), offers significant
protection against DA and mitochondrial dysfunction in both
LRRK?2 and parkin mutant flies. Together, our results suggest that
parkin- and LRRK2-related parkinsonism operate through a
common pathogenic pathway involving mitochondrial dysfunc-
tion and that AMPK activation may represent a viable therapeutic
strategy for multiple forms of PD.

Materials and Methods

Fly stocks. Fly lines for 24B-Gal4 (muscle-specific), ddc-Gal4 (dopami-
nergic neuron-specific), elav-Gal4 (pan-neuronal), UAS-mito-GFP, and
UAS-dAMPK-KA were purchased from Bloomington Drosophila Stock
Center. UAS-siAMPK was purchased from Vienna Drosophila RNAi
Center (Vienna, Austria). UAS-dAMPK-TD, UAS-parkin, LRRK2-WT,
and LRRK2-G2019S transgenic and parkin-null flies were previously de-
scribed (Lee et al., 2007a; Wang et al., 2007; Ng et al., 2009).
Immunohistochemistry and Western blotting. Immunohistochemical
analysis of whole-mount adult fly brains were prepared according to
published protocols (Whitworth et al., 2005) and stained with rabbit
anti-TH (1:300, Pel-Freez Biologicals) as primary antibody. The stained
samples were viewed using an Olympus Fluoview Upright Confocal Mi-
croscope. DA neurons were quantified according to a published method
(Whitworth et al., 2005). The size of mito-GFP puncta was measured
using the ImageJ program and expressed as mean = SD (n = 10 DA
neurons per experimental group). For Western blotting, 20 fly heads per
group were homogenized in PBS containing 1% SDS before centrifuga-
tion (16,000 X g X 30 min) to remove the debris. An equivalent amount

of the clarified lysate was resolved by SDS-PAGE and subsequently im-
munoblotted with anti-LRRK2 (Sigma) or anti-tubulin (Developmental
Studies Hybridoma Bank).

Climbing assay and drug treatment. Climbing assays were performed
according to a previously described method (Ng et al., 2009). Briefly, 20
female adult flies from each group were randomly selected after anesthe-
tization and placed in a vertical plastic column (length 25 cm; diameter
1.5 cm). Age-matched normal flies were used as controls. After a 2 h
recovery period from CO, exposure, flies were gently tapped to the bot-
tom of the column, and the number of flies that reached the top of
column at 1 min was counted. Results are presented as mean = SEM of
the scores obtained from three independent experiments. To study the
effect of drugs, flies were fed with cornmeal-agar medium supplemented
with 0.5 mm epigallocatechin gallate (EGCG; Sigma), 1 mm 5-amino-1-
B-p-ribofuranosyl-imidazole-4-carboxamide (AICAR; Cayman Chemi-
cals), 10 mM metformin (Sigma), or 0.5 mm Compound C (EMD
Biosciences) immediately at posteclosion (for parkin-null flies) or at day
35 onward (for LRRK?2 flies) for a period of 25 d.

Dopamine measurement. Ten fly heads were homogenized in 0.1 M
perchloric acid, and the lysates were filtered through 0.1 wm Durapore
Ultrafree Centrifugal filters (Millipore) before HPLC measurement of
dopamine levels.

Transmission electron microscopy. Indirect flight muscles were pre-
pared by fixing in 2.5% glutaraldehyde in 0.1 M phosphate buffer, pH
7.2, containing 0.1% Tween-20, before being postfixed in 1% OsO4
for 1 h. Subsequently, they were embedded in Spurr’s resin and cut to
ultrathin sections before staining with uranyl acetate and lead citrate
before they were observed under a JEM-1230 electron microscope
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EGCG treatment mitigates dopaminergic and mitochondrial dysfunction in both mutant LRRK2-expressing and parkin-null flies. A, Climbing score of untreated and EGCG-treated

parkin-null (pk ~/~) flies, as indicated. B, TEM images of indirect flight muscles of pk ~/~ flies treated with DMSO or EGCG. €, Quantification of DA neurons in the PPL1 cluster of untreated and
EGCG-treated pk —/~ flies. Inset, Confocal microscopy images of TH-positive neuronsin PPL1 cluster of untreated and EGCG-treated pk ~~ flies. D—F, same as A—C, respectively, except that pk '~
flies are substituted with Ddc-driven (D, F) or 24B-driven (E) G2019S LRRK2-expressing flies. Boxed regions in top panels of B and E are shown at higher magnification in corresponding bottom
panels. G, Climbing score (left) and DA neuronal count (PPL1 cluster) (right) of Ddc-driven untreated or AICAR-treated LRRK2 G2019S-expressing flies relative to control flies. H, Asin G, except that
LRRK2 G2019S-expressing flies are substituted with pk ~~ flies. /, Asin H, except that AICAR s replaced by metformin. Data for control and pk /™ (i.e., climbing score and DA neurons) shown in
H and I were derived from A and €. Number indicates the number of fly brains used for DA neuronal quantification. J, Survival curves of untreated or compound C-treated pk ~/~ (left) or LRRK2

mutant flies (right).

(Jeol). Selected specimens were sent for commercial EM analysis at
the EM Research Services (Newcastle University, Newcastle, UK) as
an added confirmation.

Statistical analysis. Statistical significance for all the quantitative data
obtained were analyzed using one-way ANOVA with Tukey’s test HSD
post hoc test (*p < 0.05, **p < 0.001).

Results

Disease-associated LRRK2 G2019S mutant induces marked
mitochondrial pathology in vivo

To examine the potential relationship between LRRK2 and
mitochondrial function in vivo, we expressed human wild-
type and G2019S LRRK2 in Drosophila under the direction of
a muscle-specific promoter (24B-GAL4) and found that mu-
tant LRRK2 expression in Drosophila flight muscles results in
prominent mitochondrial abnormalities that become more
severe with age (Fig. 1A). Further, these mutant flies also ex-
hibit significant age-related climbing impairment relative to
control (Fig. 1 B), suggesting that LRRK2 G2019S-induced mi-
tochondrial pathology in Drosophila flight muscles compro-
mises their locomotion function. In contrast, these mutant
LRRK2-associated phenotypes are not evident in flies express-
ing wild-type LRRK2 (Fig. 1A, B), which is consistent with
previous reports by our group and others showing that wild-

type LRRK2 overexpression in flies triggers comparatively less
toxicity than its disease-associated counterparts (Lee et al.,
2007b; Imai et al., 2008; Ng et al., 2009). Given that LRRK2
G2019S-expressing flies seem to phenocopy the reported mi-
tochondrial phenotype of parkin-null flies (Greene et al.,
2003), and that parkin protects against LRRK2 G2019S-
induced neurotoxicity (Ng et al., 2009), we surmised that par-
kin overexpression may potentially rescue the mitochondrial
pathology induced by mutant LRRK2. Supporting this,
double-transgenic flies coexpressing LRRK2 G2019S and
wild-type parkin under the direction of 24B-GAL4 exhibit a
greater number of normal mitochondria and significantly bet-
ter climbing scores than single LRRK2 G2019S transgenic flies
(Fig. 1B,C). As the above experiments involving Drosophila
flight muscles represent more of an assay of toxicity rather
than the etiopathogenesis of PD, we also examined the effects
of mutant LRRK2 expression in DA neurons. Interestingly,
when LRRK2 G2019S expression is confined to DA neurons by
the Ddc-GAL4 driver, it results in the appearance of signifi-
cantly enlarged mitochondria, a phenotype that can also be
rescued by Ddc-GAL4-mediated overexpression of parkin
(Fig. 1D). Together, our results support an intimate link be-
tween parkin and LRRK2 in mitochondrial homeostasis.
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Identification of EGCG as a potent
suppressor of parkin- and
LRRK2-associated phenotypes

Next, we speculated that compounds that
can mitigate parkin dysfunction may po-
tentially suppress LRRK2-associated phe-
notypes. We therefore used the Drosophila
parkin-null mutant as an initial model to
evaluate the therapeutic potential of a
number of candidate compounds. Among
them, we found that EGCG provides the
best protection against parkin deficiency
(data not shown). Indeed, EGCG-treated
parkin-null flies exhibit significantly im-
proved climbing scores compared with
untreated mutant flies (Fig. 2A) that is as-
sociated with a remarkable recovery of
mitochondrial integrity (Fig. 2B). Fur-
ther, they also show reduced loss of DA
neurons in the PPLI cluster, the degener-
ation of which is otherwise apparent in
parkin-deficient flies (Whitworth et al.,
2005; Wang et al., 2007) (Fig. 2C). Thus,
EGCG appears capable of compensating
for parkin deficiency. We next examined
whether EGCG can likewise protect against
LRRK2-induced phenotypes and found that
EGCG-treated mutant LRRK2 flies also
recorded significant improvements in
their climbing scores (Fig. 2 D) and mito-
chondrial morphology (Fig. 2E). Simi-
larly, EGCG treatment ameliorates the
loss of DA neurons displayed by Ddc-
GAL4-LRRK2 G2019S-expressing flies
(Fig. 2F). Like their counterparts coex-
pressing parkin, EGCG-treated LRRK2
G2019S flies also display significantly
fewer enlarged mitochondria in their DA
neurons (Fig. 1D). Together, we have
identified EGCG as a potent suppressor of
DA dysfunction and mitochondrial ab-
normalities in two Drosophila genetic
models of PD that represent recessive and
dominant parkinsonism, respectively.

Pharmacological activation of AMPK
mimics EGCG-mediated

protective response

We were next interested to know how
EGCG exerts its protective effects. Besides
possessing antioxidant properties, EGCG
has been reported to activate AMPK, and
emerging evidence suggests that AMPK
activation may be neuroprotective (Hwang
et al., 2009; Spasic¢ et al., 2009). To examine
this, we treated Drosophila parkin and

LRRK2 mutants with AICAR, a direct pharmacological activator
of AMPK. AICAR treatment significantly improves the DA neu-
ronal and climbing phenotypes in Ddc-GAL4-LRRK2 G2019S

>
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Figure 3.

AMPK activation ameliorates Drosophila LRRK2 mutant phenotypes. 4, B, Climbing score (4) and DA neuronal count

(PPL1 cluster) (B) of untreated or EGCG-treated Ddc-driven G2019S LRRK2-expressing flies in the presence or absence of AMPK
expression silencing (siAMPK), dominant-negative (dAAMPK-KA), or constitutively active ({AMPK-TD) AMPK mutant, as indicated.
Data for WT, G2019S, and G2019S + EGCG were derived from Figure 2, Dand F. Inset, LRRK2 expression in the absence or presence
of parkin (PK) or dAMPK (AK) coexpression (genotype: elav-Gal4-hLRRK2 or elav-Gal4-hLRRK2;elav-Gal4-hparkin or elav-Gal4-
hLRRK2;elav-Gal4-dAMPK ). Experiment was repeated at least three times with essentially similar results, €, D, Similar to A and B,
except EGCG is replaced by AICAR. E, Dopamine levels in wild-type (WT) LRRK2, LRRK2 G2019S and LRRK2 G2019S/AMPK-TD flies
as measured by HPLC. Inset, Confocal microscopy images of TH-positive neurons in PPL1 cluster of WT and G20195 (GS) LRRK2-
expressing and G2019S/AMPK-TD (GS/TD) double-transgenic flies. F, Climbing score of 24B-driven G2019S LRRK2-expressing flies
in the presence or absence of dAMPK-TD coexpression. Inset, Representative TEM image of indirect flight muscles of JAMPK-TD/

G2019S double-transgenic flies (GS/dAMPK-TD).

flies (Fig. 2G) as well as in parkin-null flies (Fig. 2 H), suggesting

that direct AMPK activation can protect against DA dysfunction
in vivo. Similar observations were made when parkin-null flies
were treated with metformin, another selective AMPK activator

(Fig. 2I). Conversely, when these flies were treated with Com-
pound C, a commonly used AMPK inhibitor, they exhibit mark-
edly increased mortality (Fig. 2]).

EGCG-mediated protection is AMPK dependent
To address whether EGCG-mediated protective response re-
quires AMPK, we knocked down AMPK expression in mutant
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LRRK2-expressing flies via siRNA strategy and found that re-
duced AMPK expression aggravates their climbing deficits al-
though without further loss of protocerebal posterior lateral 1
(PPL1) DA neurons (Fig. 3A, B). Importantly, AMPK expres-
sion silencing in these flies abolishes the beneficial effects of
EGCG treatment (Fig. 3A,B). To verify our finding obtained
with siRNA methodology, we also generated bigenic flies co-
expressing LRRK2 G2019S and a dominant-negative AMPK-KA
mutant (Lee et al., 2007a) under the direction of the Ddc-GAL4
driver. Similar to AMPK expression silencing, AMPK-KA ex-
pression exacerbates mutant LRRK2-induced locomotion de-
fects (Fig. 3A, B). Again, EGCG-mediated protective response
is blocked in mutant LRRK2 flies in the presence of AMPK-KA
coexpression (Fig. 3A,B). Not surprisingly, the dominant-
negative AMPK mutant also blocks the protective effects of
AICAR in LRRK2 G2019S flies (Fig. 3C,D). Together, our re-
sults identified AMPK activation as a potential downstream
effector of EGCG-mediated protective pathway in our Dro-
sophila PD models.

Genetic activation of AMPK ameliorates parkinsonian
phenotypes in mutant LRRK2 and parkin-null flies

To confirm that AMPK activation is indeed protective, we gen-
erated double-transgenic flies expressing mutant LRRK2 in the
presence of a constitutively active form of AMPK (AMPK-TD)
(Lee et al., 2007a). As expected, the climbing deficits and DA
neuronal loss associated with mutant LRRK2 expression are sig-
nificantly ameliorated in these double (Ddc-AMPK-TD/LRRK2
G2019S) transgenic flies (Fig. 3A,B,E). Notably, the level of
LRRK?2 is not significantly changed in the presence of AMPK (or
parkin) coexpression (Fig. 3A). Moreover, HPLC analysis re-
vealed a dramatic increase in dopamine levels in brains of double-
transgenic flies relative to flies expressing LRRK2 G2019S alone
(Fig. 3E), which we have previously reported to be abnormally
low (Ng et al., 2009). When driven by the 24B-GAL4 driver,
coexpression of AMPK-TD with LRRK2 G2019S in Drosophila
flight muscles results in a significant improvement of the other-
wise poor climbing performance of LRRK2 mutant flies (Fig. 3F),
and a marked protection against mutant LRRK2-induced mito-
chondrial abnormalities (Fig. 3F).

Finally, we also generated double-mutant flies expressing the
constitutively active AMPK mutant in a parkin-null background
and found that AMPK-TD overexpression mitigates the mito-
chondrial pathology induced by the loss of parkin function to an
extent that results in a significant improvement in their climbing
ability (Fig. 4A). Accompanying this, AMPK-TD overexpression
also leads to a remarkable recovery of the abnormal wing posture
that characterized parkin-null flies (Fig. 4 B).

Discussion
We have demonstrated in this study that disease-associated
LRRK2 G2019S mutation induces mitochondrial pathology in
vivo and that parkin coexpression is sufficient to rescue this mu-
tant LRRK2-mediated phenotype. Importantly, we further found
that pharmacological or genetic activation of AMPK exerts po-
tent protection against DA and mitochondrial dysfunction in
both LRRK2 and parkin mutant flies, suggesting that AMPK ac-
tivation may represent a viable therapeutic strategy for different
forms of PD.

Mitochondrial dysfunction is currently widely accepted to be
a key driver of neurodegeneration. Supporting this, several post-
mortem studies have demonstrated a significant reduction in the
activity of mitochondrial complex I as well as ubiquinone (coen-
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Figure 4.  AMPK activation ameliorates Drosophila parkin mutant phenotypes. A, Climbing

score of parkin-null (pk ~/ ) flies in the absence or presence of dAMPK-TD coexpression, as
indicated. Inset, Representative TEM images of indirect flight muscles of JAMPK-TD/pk ~/~
bigenic flies. Note the significantly improved mitochondrial integrity (arrows) amid abnormal
mitochondria (arrowheads). B, Representative images showing the wing phenotype of pk ~/~
flies in the ahsence or presence of JAMPK-TD coexpression.

zyme Q10) in the substantia nigra of PD brains (Schapira et al.,
1989; Shults et al., 1997). Moreover, mitochondrial poisoning
recapitulates PD features in humans and represents a popular
strategy to model the disease in animals (Dauer and Przedborski,
2003). Despite their seemingly disparate function, it is also be-
coming clear that the activities of different PD-linked genes all
have significant impact on mitochondrial homeostasis (Lim et
al., 2012). In particular, a recent landmark paper identified par-
kin as a key mediator of mitochondrial quality control (Narendra
etal., 2008). Consistent with this, abnormalities in mitochondrial
structure and/or dynamics were detected in Drosophila parkin
mutant and other parkin-related models (Greene et al., 2003;
Wang et al., 2011). Comparatively less is known about the rela-
tionship between LRRK2 and mitochondrial function, although a
Caenorhabditis elegans-based study suggests that LRRK2 may
protect against mitochondrial damage (Saha et al., 2009). Here,
we show that transgenic overexpression of LRRK2 G2019S in
Drosophila flight muscles results in prominent mitochondrial pa-
thology, the toxic effects of which can be rescued by parkin coex-
pression. Moreover, mutant LRRK2 expression in DA neurons
triggers an enlarged mitochondria phenotype, which similarly
can be rescued by parkin coexpression. Our results thus suggest a
functional link between LRRK2 and parkin in mitochondrial ho-
meostasis. However, an important caveat here is that we have
used an overexpression system to assay for LRRK2 toxicity [i.e.,
whether LRRK2-induced mitochondrial phenotype (particularly
in muscles) is relevant to humans or not is debatable]. Notwith-
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standing this, LRRK2 patient-derived cells reportedly exhibit al-
tered mitochondrial dynamics that is accompanied by a
reduction in mitochondrial membrane potential and total intra-
cellular ATP levels (Mortiboys et al., 2010), which lends relevance
to our findings.

Given that parkin apparently protects against LRRK2-
mediated toxicity, we reasoned that compounds that could com-
pensate for the loss of parkin function would have good potential
to mitigate LRRK2-associated phenotypes. In a candidate drug
screen, we found that EGCG acts as a potent suppressor of DA
and mitochondrial dysfunction in parkin-null flies, and, as ex-
pected, in mutant LRRK2-expressing flies. Notably, EGCG treat-
ment has previously been reported to be capable of suppressing
the toxic effects of the parkinsonian neurotoxins MPTP and
6-OHDA (Chao et al., 2010). Our current study further eluci-
dated a protective mechanism of EGCG that is dependent on the
activation of AMPK. Interestingly, a recent report demonstrated
that AMPK is activated in mice treated with MPTP and that
inhibition of AMPK function by compound C enhances
1-methyl-4-phenylpyridinium-induced cell death (Choi et al.,
2010). More recently, a PD cohort-based study revealed that
Metformin-inclusive sulfonylurea therapy reduces the risk for
the disease occurring with Type 2 diabetes in a Taiwanese popu-
lation (Wahlqvist et al., 2012). Together, these findings support
our suggestion that AMPK activation may protect against the
development of PD.

AMPK is an evolutionarily conserved cellular energy sensor
that is activated by ATP depletion or glucose starvation (Hardie,
2011). When activated, AMPK switches the cell from an anabolic
to a catabolic mode and, in so doing, helps to regulate cellular
energy demands. It is noteworthy that LRRK2-mediated neuro-
degeneration has been reported to compromise neuronal energy
homeostasis due to the chronic activation of protein translation,
a highly energy-demanding process (Imai et al., 2008). Accord-
ingly, overexpression of AMPK could restore the energy pertur-
bation induced by mutant LRRK2 and preserve neuronal
function. Another attractive explanation regarding AMPK-
mediated neuroprotection came from recent studies demonstrat-
ing that AMPK, like parkin, can regulate mitophagy (Egan et al.,
2011; Kim et al., 2011). Mitophagy induction in this case occurs
specifically through AMPK-mediated phosphorylation of the au-
tophagy initiator ATG1. Given this functional convergence be-
tween AMPK and parkin, it is tempting to speculate that
mitophagy induction may represent a common denominator un-
derlying their respective ability to rescue the phenotypes of
LRRK2 G2019S-expressing flies. Thus, in the absence of the par-
kin or AMPK transgene, LRRK2 mutant expression could signif-
icantly retard the clearance of damaged mitochondria, which
progressively accumulate with age. This may also explain why the
mitochondrial phenotype it induces in the flight muscle is so
reminiscent of that brought about by the loss of parkin function.

In sum, our results here suggest that mitochondrial dysfunc-
tion may underlie both LRRK2- and parkin-related parkinson-
ism. Importantly, our results also suggest that pharmacological
AMPK activation may represent a viable therapeutic strategy for
these forms of PD.
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