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Delaying aging is neuroprotective in Parkinson’s disease: a
genetic analysis in C. elegans models
Jason F Cooper1,4, Dylan J Dues1,4, Katie K Spielbauer1, Emily Machiela1, Megan M Senchuk1 and Jeremy M Van Raamsdonk1,2,3

Aging is the greatest risk factor for the development of Parkinson’s disease (PD). However, the role of aging in the pathogenesis of
PD is not known and it is currently uncertain why the symptoms take many decades to develop when inherited mutations that
cause the disease can be present from birth. We hypothesize that there are specific changes that take place during the aging
process that make cells susceptible to disease-causing mutations that are well-tolerated at younger ages. If so, then interventions
that increase lifespan should be beneficial in the treatment of PD. To test this hypothesis, we used the powerful genetics of
C. elegans, as this worm has been used extensively in aging research. We crossed transgenic worm models of PD expressing either
human mutant α-synuclein (A53T) or LRRK2 (G2019S) with the long-lived insulin-IGF1 receptor mutant, daf-2. The daf-2 mutation
increased the lifespan of both PD mutants. The increase in lifespan resulting from the daf-2 mutation rescued the degeneration of
dopamine neurons in both worm models of PD and importantly rescued deficits in dopamine-dependent behaviors including basal
slowing, ethanol avoidance, and area-restricted searching. Increasing lifespan through daf-2mutation also delayed the formation of
small aggregates in a worm model of PD expressing α-synuclein in the body wall muscle and rescued deficits in resistance to
different stresses that were present in the PD mutant worms. Overall, this work suggests that slowing down the aging process may
provide an effective treatment for PD.

npj Parkinson's Disease (2015) 1, 15022; doi:10.1038/npjparkd.2015.22; published online 19 November 2015

INTRODUCTION
Parkinson’s disease (PD) is the second most common neurode-
generative disease affecting as many as 10 million individuals
worldwide. PD is characterized by deficits of movement, including
resting tremor, bradykinesia, rigidity, postural instability, and
shuffling gait. Patients with PD also exhibit non-motor symptoms
that can include dementia, loss of smell, sleep disturbances,
constipation, and depression. In the brain, PD is characterized by
the degeneration of dopaminergic neurons within the substantia
nigra (SN). The SN supplies dopamine to the striatum, thereby
having an important role in movement. Brains of patients with PD
also exhibit protein aggregates known as Lewy bodies. Although
symptomatic treatments are available that can reduce motor
deficits, there are currently no neuroprotective therapies available
that can delay the progression of the disease.
While the pathogenesis of PD is incompletely understood, a

number of genes and environmental factors have been impli-
cated. The first gene to be linked to PD was SNCA, which encodes
α-synuclein (α-syn).1 Interestingly, both mutations in the SNCA
gene and increased copy number of wild-type α-syn lead to PD.2

Moreover, α-syn aggregates to form Lewy bodies.3 The most
commonly mutated gene among PD patients is LRRK2, which
encodes a Leucine Rich Repeat Kinase.4,5 Mutations in SNCA and
LRRK2 give rise to an autosomal dominant form of PD and are
thought to result from a toxic gain of function.
Aging is the greatest risk factor for the development of PD.6

Although the prevalence of PD is 0.3% in the general population,
this number increases to 1% of those over 60 and 4% of

individuals 480 years of age. Thus, in the inherited forms of PD,
patients are symptom free for many decades despite the fact that
the disease-causing mutation is present from birth. It is currently
uncertain why the disease takes many decades to develop and the
role of aging in the disease is poorly understood. We hypothesize
that there are changes that take place during normal aging that
make neurons susceptible to disease-causing mutations that were
well tolerated at younger ages. This hypothesis is supported by
the fact that disease onset in animal models of PD is proportional
to the lifespan of the organism, indicating that the disease
progresses according to biological age and not chronological
time. In fact there are a number of changes that take place during
normal aging that have been implicated in the pathogenesis of
PD. These changes include protein aggregation,7 increased
oxidative stress,8 decreased mitochondrial function,9 dysfunction
of the proteasome,10 and impairment of autophagy.11

To test the role of aging in PD, we chose to use Caenorhabditis
elegans models as these worms offer several advantages for the
study of both aging and neurodegenerative disease. The first
genes to increase lifespan in any organism were identified in
C. elegans,12–14 and since that time more longevity genes have
been identified in C. elegans than in any other organism (see
GenAge website for lists of genes impacting lifespan15). Impor-
tantly, genes and interventions that increase lifespan in C. elegans
have been shown to increase lifespan in other species and be
associated with longevity in humans. For example, genes of the
insulin-IGF1 signaling pathway that were first shown to increase
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lifespan in C. elegans12 have subsequently been shown to increase
lifespan in mice16 and are associated with longevity in humans.17

A number of worm models of PD have been generated through
either exposing worms to a neurotoxic chemical such as MPP+ or
6-OHDA or by reproducing the genetic defect present in inherited
forms of PD.18–24 These worm models have been shown to exhibit
multiple phenotypic abnormalities including degeneration of
dopamine neurons, decreased levels of dopamine, deficits in
dopamine-dependent behaviors, decreased survival, aggregation
and alterations in movement.
In this study, we chose to examine the effect of delaying aging

in two worm models of PD to ensure that any beneficial outcomes
we observe are not model specific. We use a genetic approach to
delay aging in α-syn and LRRK2 worm models of PD by decreasing
insulin-IGF1 signaling with a mutation in the insulin-IGF1 receptor
gene daf-2. We find that delaying aging rescues multiple deficits
present in both worm models of PD including the degeneration of
dopamine neurons.

RESULTS
Worm models of Parkinson’s disease exhibit phenotypic
abnormalities that can be used as outcome measures to assess the
effect of delaying aging
Before examining the role of aging in PD, we first sought to
determine what phenotypic abnormalities are present in worm
models of PD that could be used as outcome measures. We
choose to focus on α-syn and LRRK2 as both have been implicated
in genetic and sporadic forms of PD. These worm models of PD
express either human mutant α-syn with the A53T mutation
(Pdat-1:: α-syn(A53T), which will be referred to as α-syn(A53T))20 or
human mutant LRRK2 with the G2019S mutation (Pdat-1::LRRK2
(G2019S),Pdat-1::GFP, which will be referred to as LRRK2(G2019S))21

exclusively in dopamine neurons under the dat-1 promoter. The
LRRK2 worms were generated with the co-injection of a transgene
expressing GFP in dopamine neurons (Pdat-1::GFP). Accordingly,
we have used a strain expressing GFP in dopamine neurons as the
control for the LRRK2 mutant, while we have used WT (N2) worms
as the control for the α-syn mutants.
Examining the physiologic rates of the PD mutant worms we

found that the α-syn mutants have normal lifespan, normal
post-embryonic development time, normal fertility, normal move-
ment (thrashing rate), a slower rate of defecation, and a decreased
pharyngeal pumping rate (Figure 1a–f). α-syn mutants also
exhibited significantly increased sensitivity to heat stress, normal
sensitivity to osmotic stress, and increased sensitivity to oxidative
stress (Figure 1g–i). Finally, we examined the ability of α-syn
worms to perform three dopamine-dependent behaviors: basal
slowing,25 ethanol avoidance,26 and area-restricted searching.27

Worms with a mutation in the tyrosine hydroxylase gene cat-2,
which have depleted levels of dopamine,28 exhibit marked deficits
in all three behaviors. α-syn mutant worms exhibited deficits in all
three dopamine-dependent behaviors (Figure 1j–l), suggesting
that the expression of mutant α-syn in dopamine neurons disrupts
dopamine signaling in these worms.
Compared with Pdat-1::GFP control worms, LRRK2 mutant

worms exhibit a normal lifespan, normal development time,
markedly decreased fertility, a trend towards increased thrashing
rate, a more rapid rate of defecation, a normal rate of pharyngeal
pumping, increased sensitivity to heat stress, normal sensitivity to
osmotic stress, and normal sensitivity to oxidative stress (Figure
1a–i). As with α-syn mutant worms, LRRK2 mutants show deficits
in dopamine-dependent behaviors including an inability to basal
slow and lack of ethanol avoidance (Figure 1 j–l). Examination of
worms expressing WT α-syn or WT LRRK2 revealed that these
worms also exhibit some of the phenotypic deficits observed in
the mutant strains (Supplementary Figure S1), although the

magnitude of the deficit tended to be milder than worms
expressing the mutant form of these proteins (Supplementary
Table S1).
As the PD mutant worms exhibited differences from WT in

pharyngeal pumping, resistance to heat stress and defecation
cycle rate, we sought to determine the extent to which these
phenotypes might be dopamine dependent. For this purpose we
tested cat-2 tyrosine hydroxylase mutants and found that cat-2
worms exhibit normal defecation and heat stress resistance but
decreased pharyngeal pumping (Supplementary Figure S2). This
suggests the possibility that the toxicity of mutant α-syn and
LRRK2 may cause deficits that are independent of dopamine
signaling.
Overall, both α-syn and LRRK2 mutant worms exhibit multiple

phenotypic abnormalities, which can be used as outcome
measures to identify disease modifiers.

Decreasing insulin/IGF1 signaling increases lifespan in worm
models of Parkinson’s disease
Having identified phenotypic differences that can be used as
outcome measures to assess the role of aging in PD, we used a
genetic approach to determine the effect of delaying aging in the
two worm models of PD. We crossed the α-syn and LRRK2
transgenic worms to long-lived daf-2 worms. daf-2 worms live
twice as long as wild-type worms as a result of decreased insulin-
IGF1 signaling.12

Before examining the effect of the daf-2 mutation on the
abnormal phenotypes present in these worm models of PD,
we first wanted to ensure that the daf-2 mutation was able to
increase lifespan in the two PD mutants. We found that α-syn
(A53T) worms live as long as wild-type worms and that the double
mutant α-syn(A53T);daf-2 worms exhibited increased lifespan
compared with α-syn(A53T) worms, thereby indicating that the
daf-2 mutation had the intended effect of delaying aging in α-syn
(A53T) worms (Figure 2a). Similarly, we found that LRRK2(G2019S)
worms have a normal lifespan and that their lifespan is increased
by the daf-2 mutation (Figure 2b). As an additional measure of
slowing aging we monitored the accumulation of lipofuscin with
age. Lipofuscin is a product of oxidative damage that accumulates
with age and has been used as a marker of aging. We found
that in both α-syn(A53T);daf-2 worms and LRRK2;daf-2 worms there
was a markedly slower accumulation of lipofuscin than in α-syn
(A53T) and LRRK2 mutants (Supplementary Figure S3). This
indicates that the daf-2 mutation is effective in delaying aging
in both PD mutants.

Delaying aging increases the survival of dopamine neurons in
worm models of Parkinson’s disease
Having shown that the daf-2 mutation could delay aging in both
PD mutants, we next sought to determine whether delaying aging
would have a beneficial effect on the abnormal phenotypes
present in these strains. As PD is characterized by the selective loss
of dopamine neurons in the SN, we first examined the
degeneration of dopamine neurons with increasing age. As has
been previously reported,21,29 we found that there is a slow
degeneration of dopamine neurons with increasing age in wild-
type worms that is accelerated by expression of α-syn(A53T) or
LRRK2(G2019S; Supplementary Figure S5). Comparing α-syn(A53T)
worms and α-syn(A53T);daf-2 worms, we found that the daf-2
mutation resulted in a significantly slower rate of dopamine
neuron loss with age (Figure 2c). Similarly, the degeneration of
dopamine neurons was markedly less in LRRK2(G2019S);daf-2
worms than in LRRK2(G2019S) worms (Figure 2d,e). In fact, at day
30, when all of the LRRK2(G2019S) worms have died, LRRK2
(G2019S);daf-2 worms have a similar number of dopamine neurons
to LRRK2(G2019S) worms on day 5. Combined this indicates that
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delaying aging can markedly slow the degeneration of dopamine
neurons in worm models of PD.
We also examined the dendrites of dopamine neurons for

signs of degeneration prior to the loss of the neuronal cell body.
We quantified dendritic blebs (see Supplementary Figure S6
for image) and found that these blebs increased with age and
were found more frequently in LRRK2(G2019S) PD mutants
(Supplementary Figure S6).

Delaying aging improves dopamine dependent behaviors in
worm models of Parkinson’s disease
Having shown that delaying aging through the daf-2 mutation is
neuroprotective in worm models of PD, we next sought to
determine the extent to which neuronal function is preserved. To
do this, we examined the ability of the daf-2 mutation to rescue
deficits in dopamine-dependent behaviors. We found that while
both α-syn(A53T) or LRRK2(G2019S) mutants exhibit little or no

Figure 1. Parkinson’s disease worms exhibit multiple phenotypic abnormalities. In order to determine which phenotypic abnormalities are
present in worm models of PD, we examined physiologic rates, stress resistance, and dopamine-dependent behaviors in α-syn (Pdat-1:: α-syn
(A53T)) and LRRK2 (Pdat-1::LRRK2(G2019S),Pdat-1::GFP) worms. Phenotypes assessed included (a) lifespan, (b) post-embryonic development,
(c) fertility, (d) rate of movement, (e) defecation cycle length, (f) pharyngeal pumping rate, (g) heat stress resistance, (h) osmotic stress
resistance, (i) oxidative stress resistance, (j) basal slowing, (k) ethanol avoidance, and (l) area-restricted searching. We observed significant
deficits in fertility, defecation, pharyngeal pumping, heat stress resistance, and all three dopamine-dependent behaviors (basal slowing,
ethanol avoidance, and area-restricted searching). White bars indicate control worms, red bars indicate PD mutant worms. The control for
α-syn worms was WT. The control for LRRK2 worms was Pdat-1::GFP. Error bars indicate SEM. *Po0.05, **Po0.01, ***Po0.001.
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basal slowing, α-syn(A53T);daf-2 and LRRK2(G2019S);daf-2 demon-
strate basal slowing that is indistinguishable from wild-type
(Figure 3a and b). Similarly, despite the fact that neither PD
mutant strain showed any degree of ethanol avoidance, in both
cases the daf-2 mutation partially restored function towards wild-
type (Figure 3c and d). Finally, in the area-restricted searching
assay, we found that both α-syn(A53T);daf-2 and LRRK2(G2019S);
daf-2 mutants exhibited increased searching compared with α-syn
(A53T) and LRRK2(G2019S) single mutants, respectively (Figure 3e
and f). Thus, in addition to preserving the number of GFP-positive
dopamine neurons in PD mutant worms, delaying aging through
the daf-2 mutation also has a functional impact in preventing the
loss of dopamine-dependent behaviors.
We also examined the effect of the daf-2 mutation on

physiologic rates in the α-syn and LRRK2 PD mutant worms. We
found that delaying aging through mutation of daf-2 did not
improve fertility (Supplementary Figure S7a,b), pharyngeal

pumping rate (Supplementary Figure S7c,d), or thrashing rate
(Supplementary Figure S7e,f) in either PD mutant. Interestingly,
the expression of LRRK2(G2019S) in dopamine neurons signifi-
cantly increased the rate of movement of daf-2 mutant worms
(Supplementary Figure S7f).

Delaying aging rescues deficits in resistance to stress in worm
models of Parkinson’s disease
Increasing lifespan through mutations in daf-2 has been shown to
increase resistance to a variety of stresses including heat stress,30

oxidative stress,31 and osmotic stress.32 As both PD mutants
exhibited increased sensitivity to different types of stress, we next
determined the extent to which increasing lifespan through the
daf-2 mutation could rescue the deficits in stress resistance in
α-syn and LRRK2 transgenic worms. Both α-syn and LRRK2 mut-
ants exhibit increased sensitivity to heat stress (Figure 4a and b).

Figure 2. Increasing lifespan reduces the degeneration of dopamine neurons in worm models of Parkinson’s disease. Transgenic worm models
of PD expressing human mutant α-synuclein (A53T mutation) or LRRK2 (G2019S mutation) were crossed to long-lived daf-2 mutants. The daf-2
mutation increased lifespan in both the α-synuclein (a); Pdat-1::α-syn(A53T)) and LRRK2 (b); Pdat-1::LRRK2(G2019S),Pdat-1::GFP) models of PD. To
visualize the loss of dopamine neurons, GFP was expressed in dopamine neurons under the dat-1 dopamine transporter promoter. The
anterior six dopamine neurons (2 ADEs and 4 CEPs) were counted throughout the lifespan of worms. (c) Increasing lifespan in α-synuclein
(A53T) mutant worms decreased the loss of GFP-positive dopamine neurons with age. (d) Similarly, the loss of GFP-positive dopamine neurons
was markedly reduced in LRRK2(G2019S) mutant worms in the presence of the lifespan-extending mutation in daf-2. This indicates that
delaying aging is neuroprotective in worm models of PD. (e) Representative images of dopamine neurons indicates that LRRK2 worms have a
full complement of dopamine neurons on day1 of adulthood. However, the loss of GFP-positive neurons is evident by day 10 of adulthood.
This loss is recused by delaying aging with the daf-2 mutation. Error bars indicate SEM.
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In both cases the deficit was completely rescued in the daf-2
double mutant (Figure 4a and b). Similarly, the increased sensi-
tivity to oxidative stress that is present in α-syn(A53T) mutant
worms is ameliorated by the daf-2mutation (Figure 4c). Finally, we
found that delaying aging through daf-2 mutation also improved
resistance to oxidative stress in LRRK2(G2019S) mutant worms and
osmotic stress resistance in both α-syn and LRRK2 PD worm
models (Figure 4d and f).

Delaying aging decreases the formation of small α-synuclein
aggregates
As PD is characterized by the formation of α-syn aggregates called
Lewy bodies, we next sought to determine whether delaying
aging would also decrease aggregation. To be able to visualize
aggregation in live worms, we utilized a worm model of PD in
which wild-type α-syn is linked to yellow fluorescent protein (YFP)
for easy visualization and expressed in body wall muscle under the
unc-54 promoter (Punc-54:: α-syn(WT):YFP), which will be referred
to as BW-α-syn worms. These worms have previously been shown

to exhibit aggregation that increases with age.24 We crossed the
BW-α-syn worms with daf-2 mutants in order to delay aging
(Figure 5a) and examined the formation of aggregates with
increasing age. Unlike worms expressing a mutant length of
polyglutamine linked to YFP under the same unc-54 promoter,
which exhibit large aggregates, BW-α-syn have smaller aggregates
of varying sizes (Supplementary Figure S8). To compensate for this
heterogeneity, we used two different paradigms: (1) we quantified
aggregates that could be seen under low magnification (dissect-
ing fluorescent microscope) in whole worm images and (2) we
quantified aggregates in a defined area surrounding the vulva
under high magnification (compound fluorescent microscope). We
found that while the daf-2 mutation had little impact on the
number of aggregates that could be visualized in whole worms
(Figure 5b), it resulted in a significant decrease in smaller
aggregates surrounding the vulva (Figure 5c).
As BW-α-syn PD mutant worms exhibit deficits in osmotic stress

resistance and movement, we next examined whether daf-2
mutation would be able to rescue these deficits. We found that
the markedly decreased survival of BW-α-syn worms under

Figure 3. Delaying aging rescues deficits in dopamine-dependent behaviors in worm models of Parkinson’s disease. (a and b) α-syn and LRRK2
PD mutants exhibit a deficit in basal slowing that is completely rescued by delaying aging. (c and d) Similarly, increasing lifespan through the
daf-2 mutation partially restores the ethanol avoidance response in α-syn and LRRK2 PD mutants. (e and f) Although the daf-2 mutant worms
exhibit a trend toward decreased area-restricted searching, the daf-2 mutation increases searching in both α-syn and LRRK2 PD mutants.
White bars indicate control worms, red/blue bars indicate PD mutant worms. α-syn= Pdat-1:: α-syn(A53T), LRRK2= Pdat-1::LRRK2(G2019S),Pdat-
1::GFP. The control for α-syn worms was WT. The control for LRRK2 worms was Pdat-1::GFP. Error bars indicate SEM. **Po0.01, ***Po0.001.
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osmotic stress (500 mM NaCl) was completely rescued in BW-α-syn;
daf-2 double mutants such that the double mutants survived
better than wild-type (Figure 5d). Similarly, we found that
BW-α-syn worms have decreased movement in a thrashing assay
(Figure 5e and f). Despite the fact that daf-2 mutation results in
decreased movement on a wild-type background, the daf-2
mutation significantly improved movement in BW-α-syn mutant
worms (Figure 5e and f). In fact, the rate of movement in BW-α-syn;
daf-2 worms and daf-2 worms was indistinguishable.

Decreasing levels of FOXO transcription factor DAF-16 prevents
the beneficial effects of daf-2 mutation in LRRK2 worm model of
Parkinson’s disease
The insulin-IGF1 receptor encoded by the daf-2 gene modulates
gene expression by controlling the nuclear localization of the
FOXO transcription factor DAF-16. Accordingly, the ability of the
daf-2 mutation to increase lifespan is entirely dependent on
DAF-16.12 To determine whether signaling through DAF-16 is
required for the beneficial effect we observe in worm models of
PD, we used RNAi to knockdown DAF-16 levels in LRRK2(G2019S);
daf-2 worms. We found that daf-16 RNAi was effective at knocking
down DAF-16:GFP expression in a Pdaf-16:daf-16:GFP reporter

strain (Supplementary Figure S9a). However, we noticed that there
was still some residual DAF-16:GFP expression in neurons, which is
consistent with previous observations that RNAi is less efficient in
neurons.
To assess the impact of daf-16 RNAi on the ability of the daf-2

mutation to increase longevity in LRRK2(G2019S) worms, we
examined lifespan and lipofuscin accumulation. We found that
daf-16 RNAi completely abolished the increased lifespan resulting
from daf-2 mutation (Figure 6a). Similarly, lipofuscin accumulation
was greater in daf-16 RNAi treated worms suggesting that the
ability of the daf-2 mutation to delay aging was inhibited by our
daf-16 RNAi treatment paradigm (Supplementary Figure S9b).
Having shown that daf-16 RNAi could prevent the beneficial

effect of daf-2 mutation on lifespan, we next sought to determine
if daf-16 RNAi would also prevent the amelioration of phenotypic
abnormalities observed in LRRK2(G2019S);daf-2 PD mutants. We
found that daf-16 RNAi reduced the beneficial effect of daf-2
mutation on ethanol avoidance, area-restricted searching, osmotic
stress resistance, heat stress resistance, dendritic blebs, and loss
of dopamine neurons (Figure 6). In contrast, daf-16 RNAi did not
worsen basal slowing or oxidative stress resistance in LRRK2
(G2019S);daf-2 worms (Figure 6b and g). To determine whether
this might be due to the residual DAF-16 expression that we

Figure 4. Delaying aging through mutation of daf-2 rescues decreased stress resistance in Parkinson’s disease worms. (a) α-syn(A53T) worms
have increased sensitivity to heat stress that is rescued by the daf-2 mutation. (b) Similarly, LRRK2(G2019S) worms are more sensitive to heat
stress than control and this deficit is ameliorated by daf-2 mutation. Increasing lifespan through daf-2 mutation also improves resistance to
oxidative stress (c and d) and osmotic stress (e and f). Error bars indicate SEM. P-values indicate difference between PD mutant and PD; daf-2
double mutant. **Po0.01, ***Po0.001.
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observed in neurons, we generated LRRK2(G2019S);daf-2;daf-16
triple mutant worms. We found that the daf-16 mutation
prevented the improvement in basal slowing and completely
abolished the improved resistance to oxidative stress in LRRK2
(G2019S);daf-2 worms (Figure 6b and g). Overall, this indicates that
the beneficial effect of daf-2 mutation in worm models of PD is
mediated by DAF-16.

DISCUSSION
Aging and Parkinson’s disease
Aging is the greatest risk factor for PD.33 Advancing age not
only increases the likelihood that an individual will develop PD,6

but those that develop PD at a later age have a more severe
disease course in terms of motor impairment, levodopa respon-
siveness, gait and postural deficits, and dementia.34 In fact, there
are many commonalities between PD and the normal process of
aging (for a comprehensive summary see Table 1 in ref. 35). The
pattern of selective cell loss in the brain is similar between PD
and aging.33 Accumulation of α-syn protein occurs with
advancing age and in PD.36 Both aging and PD are believed to
be caused by a complex combination of genes and environmental
factors, with relatively few genes having major effects.37 In
addition, many of the changes that take place during normal
aging, have been implicated in the pathogenesis of PD includ-
ing increased aggregation,7 increased oxidative stress,8 decreased
mitochondrial function,9 dysfunction of the proteasome,10 and

Figure 5. Delaying aging through mutation of daf-2 is beneficial in a worm model of Parkinson’s disease expressing α-synuclein in body wall
muscle. (a) The daf-2 mutation increases lifespan in Punc-54::α-syn(WT):YFP (BW-α-syn) worms. (b) Aggregates of α-synuclein were monitored by
expressing wild-type α-synuclein linked to YFP in body wall muscle under the unc-54 promoter. Whole-worm counts of large aggregates
shows no difference between control and daf-2. (c) Counting smaller aggregates in a defined region surrounding the vulva reveals decreased
aggregation in the daf-2 double mutant worms. (d) BW-α-syn worms show increased sensitivity to osmotic stress, which is completely rescued
by the daf-2 mutation. (e and f) BW-α-syn also exhibit decreased movement. Despite the fact that the daf-2 mutation decreases movement,
BW-α-syn;daf-2 worms exhibited increased movement compared with BW-α-syn worms and their movement was indistinguishable from daf-2
mutants alone. (e) Day 3 of adulthood. (f) Day 5 of adulthood. Error bars indicate SEM. *Po0.05, **Po0.01, ***Po0.001.
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impairment of autophagy.11 On the basis of the large number of
similarities between aging and PD, it has been proposed that PD
may result from aging.35 If so, then delaying aging may be an
effective strategy to treat PD. Our results provide a proof of
principle that delaying aging can be neuroprotective in PD.

Worm models of Parkinson’s exhibit loss of dopamine neurons
and deficits in dopamine-dependent behaviors
In the characterization of α-syn and LRRK2 mutant worms, we
were able to reproduce originally reported phenotypes in these
strains20,21 and to identify novel deficits. All of the phenotypes

Figure 6. Beneficial effects of daf-2 mutation in LRRK2(G2019S) worm model of Parkinson’s disease are mediated by DAF-16. To test the role of
canonical DAF-2 signaling through the DAF-16 transcription factor in mediating the beneficial effect of daf-2 mutation in worm models of
Parkinson’s disease, we treated LRRK2(G2019S);daf-2 worms with daf-16 RNAi to determine the extent to which phenotypic improvements
caused by the daf-2 mutation would be lost. Decreasing daf-16 expression by RNAi completely abolished the increased lifespan in LRRK2
(G2019S);daf-2 worms (a), and reduced the beneficial effect of daf-2 mutation on ethanol avoidance (c), area-restricted searching (d), resistance
to osmotic stress (e), heat stress resistance (f), dopamine dendritic blebs (h) and loss of dopamine neurons (i). In contrast, daf-16 RNAi treated
LRRK2(G2019S);daf-2 worms still showed a benefit compared with LRRK2(G2019S) worms in basal slowing (b), and oxidative stress resistance
(g). To test whether this was a result of residual daf-16 expression in neurons, we generated LRRK2;daf-2;daf-16 triple mutant worms. Deletion
of daf-16 abolished the beneficial effect of the daf-2 mutation on both basal slowing and oxidative stress resistance in LRRK2;daf-2 worms
(b and g). Thus, the beneficial effect of daf-2 mutation is completely mediated by DAF-16. Error bars indicate SEM. *Po0.05, **Po0.01,
***Po0.001.
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present in these strains result from the expression of the mutant
protein in the eight dopamine neurons present in the worm (it is
possible that the dat-1 promoter drives low level of expression in
other tissues). This comprises a small fraction of the 302 neurons
and 959 cells that are present in the worm. The loss of dopamine
neurons in the SN is a characteristic feature of PD. It has also been
shown that the number of dopamine neurons declines with age in
unaffected individuals albeit at a decreased rate compared with
PD. Similarly, we found that GFP-positive dopamine neurons were
lost with increasing age in wild-type worms and the rate of loss is
accelerated in both PD mutants. We also observed deficits in
multiple dopamine-dependent behaviors including basal slowing,
ethanol avoidance, and area-restricted searching. We have
observed similar deficits in cat-2 mutant worms that have a
mutation in the gene encoding tyrosine hydroxylase. As tyrosine
hydroxylase is required for the synthesis of dopamine, the cat-2
worms have decreased levels of dopamine. Similarly, dopamine
levels have previously been shown to be decreased in both the
α-syn and LRRK2 worms models used in our study.20,21

Our results show an increased sensitivity to heat stress in both
α-syn and LRRK2 mutants, as well as an increased sensitivity to
oxidative stress in α-syn mutant worms. This is surprising given
that the expression is limited to the eight dopamine neurons.
Nonetheless, this is consistent with studies on aging showing that
specific neurons can modulate survival in response to
temperature.38 We also observe a marked decreased in fertility
in LRRK2 mutants. Previous studies have shown that exogenous
dopamine inhibits egg laying.39 As LRRK2(G2019S) mutants have
decreased levels of dopamine,21 perhaps endogenous, and
exogenous dopamine have different effects on egg laying.
The fact that α-syn and LRRK2 mutants exhibit deficits in

defecation cycle length and heat stress resistance that are not
observed in cat-2 mutants, which have diminished levels of
dopamine, suggests the possibility that these may be dopamine-
independent deficits resulting from α-syn and LRRK2 toxicity.
There are multiple possibilities that could explain the additional
deficits present in the PD worms. First, the expression of a toxic
protein such as LRRK2 or α-synuclein could disrupt a function of
the CEP, ADE, or PDE neurons that is not mediated by dopamine.
Second, the expression of a toxic protein such as LRRK2 or
α-synuclein could cause the dopamine neurons to release
chemokines that negatively influence neighboring cells. Third, at
least in the case of the α-synuclein mutants, there may be prion-
like transfer to other non-dopamine neurons that may contribute
to these phenotypes.

Delaying aging by mutation of daf-2 is beneficial in worm models
of Parkinson’s disease
In this study, we focused on the insulin-IGF1 signaling pathway as
a means of delaying aging in worm models of PD. The daf-2 gene
encodes the insulin-IGF1 receptor and mutations in this gene have
been shown to more than double lifespan in the worm.12 After the
insulin-IGF1 signaling pathway was shown to increase lifespan in
C. elegans, genes in this same pathway were found to increase
lifespan in yeast, flies and mice, thereby indicating conservation
across species.40 Importantly, genes in this same pathway have
been shown to be associated with longevity in humans.17

We found that delaying aging through the mutation of daf-2 is
neuroprotective in two different genetic models of PD. In fact,
LRRK2(G2019S);daf-2 double mutants have more dopamine
neurons remaining at day 30 (10 days past the average lifespan
of LRRK2(G2019S) and WT worms) than LRRK2(G2019S) mutants
have on day 8 of adulthood. Although the rate of neuronal loss in
α-syn(A53T) transgenic worms is decreased compared with LRRK2
(G2019S) worms, there is still a significant rescue imparted by the
daf-2mutation. We also found that delaying aging rescued deficits
in dopamine-dependent behaviors and abolished the increased

sensitivity to stress observed in the PD mutants. We did not
observe any beneficial effect on the reduced fertility present in
LRRK2(G2019S)mutants, but perhaps this is due to the fact that the
daf-2 mutation decreases brood size in wild-type worms. While we
were completing our study, the Caldwell group showed a
beneficial effect of the daf-2 mutation in a different α-syn model
of PD.41 In their study, they utilized a transgenic worm expressing
wild-type α-syn and found that a mutation in daf-2 could rescue
dopaminergic degeneration and decrease aggregation in body
wall muscle. The fact that two independent experiments in
different labs with different models both show a beneficial effect
of delaying aging in worm models of PD provides strong support
that this may be an effective target for treating PD. In addition, a
screen for modifiers of α-syn aggregation identified multiple aging
genes that were able to suppress aggregate formation.24

Further support for this strategy comes from experiments
showing a beneficial effect of interventions that increase lifespan
in chemically induced rodent models of PD. Resveratrol, a potent
enhancer of the histone deacetylase Sirtuin 1 activity that has
been shown to increase lifespan in worms, flies, and mice,42 has
been shown to be protective in the 6-OHDA rat model of PD.43

Rapamycin, an inhibitor of mTOR signaling that increases lifespan
in mice,44 was shown to be protective in the MPTP mouse model
of PD.45 Dietary restriction, which has been shown to increase
lifespan in yeast, worms, flies, mice, and monkeys,46 improved
survival of dopamine neurons in MPTP-treated rodents47 and
resulted in better maintenance of motor activity in MPTP-treated
primates.48 Finally, treatment with the anti-diabetic drug metfor-
min has been shown to increase lifespan in worms and mice49,50

and has been found to improve neuronal survival, motor function,
and behavior following MPTP treatment in mice.51 Overall, the fact
that multiple interventions that increase lifespan exhibit a
beneficial effect in PD suggests that targeting the aging process
may be an effective strategy for treating PD.

Targeting aging in mouse models of PD and PD patients
Whereas there is a single insulin-IGF1 receptor in C. elegans, in
mice and humans there are separate receptors for insulin and
IGF1. Nonetheless, evidence from a number of mouse models
indicates that decreasing either insulin or IGF1 signaling can lead
to increased lifespan in mice as well. Mice bearing a heterozygous
deletion in the IGF1 receptor gene Igf1r are long lived,16 as are
mice with a homozygous deletion in the insulin receptor that is
limited to adipose tissue.52 Mice with a heterozygous deletion in
the insulin receptor substrate 2 gene (Irs2), either throughout the
body or limited to just the brain, are also long lived.53 Long-lived
Snell dwarf mice, Ames dwarf mice, and growth hormone receptor
mutants have all been shown to have decreased levels of
IGF1.54–56 Finally, mice expressing decreased levels of IGF1 have
been shown to have increased maximum lifespan.57

In translating the results from the present study to mice and
eventually humans, it will be essential to determine in which
tissue(s) insulin-IGF1 signaling must be decreased in order to have
a beneficial effect in PD. Decreasing insulin or IGF1 signaling in
mammals may be complicated by potential detrimental side
effects. For example, loss of insulin signaling in the pancreas could
lead to diabetes. However, if the neuroprotective effect of the
daf-2 mutation is cell autonomous, then it may be possible to
reduce insulin signaling specifically in dopamine neurons, thereby
avoiding or minimizing the possibility of side effects. As it has
previously been shown that decreasing insulin-IGF1 signaling in
neurons is required for the long lifespan of daf-2 mutants,58 it is
possible that reducing insulin-IGF1 signaling in neurons will be
sufficient to protect the neurons from the toxic effects of mutant
α-syn or LRRK2.
One previous study examined the effect of decreasing IGF1

signaling in a mouse model of PD. Heterozygous Igf1r+/− mice
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were treated with MPTP and were found to have a larger lesion
than WT controls.59 Although this result appears to contradict the
results from our study in C. elegans, it should be noted that the
Igf1r+/− mice only have a mild increase in lifespan and the MPTP
model involves an acute exposure to highly toxic chemical. This
model recapitulates the neuronal loss present in PD, but does not
reproduce the pathogenesis of the disease. Thus, it is possible that
delaying aging through decreasing insulin or IGF1 signaling may
be beneficial in a genetic mouse model of PD that more accurately
reproduces the pathogenic mechanisms underlying PD. Support
for this conclusion comes from the fact that decreasing insulin or
IGF1 signaling has previously been shown to be beneficial in
genetic mouse models of other neurodegenerative diseases
including Alzheimer’s disease60 and Huntington’s disease.61

CONCLUSIONS
Overall, we show that delaying aging through decreasing insulin-
IGF1 signaling is neuroprotective in worm models of PD. Future
studies will need to validate these results in genetic mouse
models of PD. As decreasing insulin or IGF1 signaling may have
detrimental effects in humans it may be necessary to target
specific tissues and tightly control the degree to which signaling is
knocked down. As an alternative approach, it may be fruitful to
explore other pathways of lifespan extension, which are less likely
to induce side effects.

MATERIALS AND METHODS
C. elegans strains and maintenance
The following strains were used in this study:
N2(WT),
BY250 vtIs7[pDAT::GFP(pRB490)],
CB1370 daf-2(e1370) III,
JVR209 cat-2(e1112),
JVR120 daf-16(mu86) I,
TJ356 zIs356[Pdaf-16::daf-16:GFP],
JVR103 Pdat-1:: α-synuclein[WT],
JVR107 Pdat-1::α-synuclein[A53T],
JVR203 Pdat-1::α-synuclein[A53T]; vtIs7[pDAT::GFP(pRB490)],
JVR206 daf-2(e1370) III; vtIs7[pDAT::GFP(pRB490)],
JVR205 daf-2(e1370) III; Pdat-1:: α-synuclein[A53T],
JVR210 daf-2(e1370) III; Pdat-1:: α-synuclein[A53T]; vtIs7[pDAT::GFP
(pRB490)],
JVR105 cwrIs730 [Pdat-1::GFP, lin-15(+)],
JVR189 daf-2(e1370) III; cwrIs730 [Pdat-1::GFP, lin-15(+)],
JVR104 cwrIs856 [Pdat-1::GFP, Pdat-1::LRRK2(WT), lin-15(+)],
JVR168 cwrIs722 [Pdat-1::GFP, Pdat-1::LRRK2(WT), lin-15(+)],
JVR202 daf-2(e1370) III; cwrIs722 [Pdat-1::GFP, Pdat-1::LRRK2(WT),
lin-15(+)],
NL5901 pkIs2386[punc-54:: α-synuclein::YFP+unc-119(+)],
JVR192 daf-2(e1370) III; pkIs2386[punc-54:: α-synuclein::YFP+unc-119(+)],
JVR323 daf-16(mu86) I; daf-2(e1370) III; cwrIs722 [Pdat-1::GFP, Pdat-1::
LRRK2(WT), lin-15(+)].
All strains were maintained at 16 °C to prevent dauer formation in the

daf-2 mutant strains. Worms were shifted to 20 °C on day 1 of adulthood
for the completion of phenotyping assays. Strains were outcrossed to our
N2 strain six times to obtain a uniform strain background.

Generation of double mutants
Double mutants were generated by standard techniques. In most cases, N2
males were crossed to GFP/YFP positive worms (e.g., Pdat-1::GFP).
Fluorescent males from the progeny were crossed to a deletion mutant
(e.g., daf-2). The resulting fluorescent hermaphrodites (e.g., daf-2/+; Pdat-1::
GFP/+) were selfed. Eight fluorescent progeny was then singled and the
genotype determined by PCR for deletion mutants or sequencing for point
mutants. In the case of daf-2 crosses, eggs and L1 worms from the second
cross were transferred to 25 °C. After 2–3 days, dauers were transferred to a
new plate. After an additional day at 25 °C, worms that were still dauer
were recovered at 16 °C, singled onto individual plates and the genotype
of the worm was confirmed by sequencing. Homozygosity of fluorescent

transgenes was determined by counting 30 worms in three consecutive
generations and observing 100% fluorescence.

Blinding of experimenters and replicates
All studies were completed such that the experimenter was blind to the
genotype of the worms. Strains were given letter codes by another
member of the laboratory and the code was not broken until all of the
replicates for a particular assay were completed. For all assays, we
completed a minimum of three biological replicates per strain.

RNA interference
For RNAi experiments, individual colonies from freshly streaked
LB-Tetracycline-Ampicillin plates were grown for 10–12 h in LB media
containing 50 μg/ml carbenicillin. Bacteria was concentrated fivefold and
seeded onto NGM plates containing 1 μg/ml IPTG and 50 μg/ml carbenicillin.
After 2 days of induction, L4 worms were transferred to RNAi plates. The next
day gravid adults were transferred to a new plate. These adults were
removed the next day and their progeny were used for experiments.

Physiologic rates
Lifespan. Lifespan was measured on plates containing 25 μM 5-fluoro-2′-
deoxyuridine (FUdR) to limit the growth of progeny. This concentration
was shown to have minimal effects on lifespan.62 As this concentration of
FUdR does not completely prevent the development of progeny to
adulthood in the first generation, worms were transferred to fresh plates
after 4 days. Thereafter, worms were transferred to fresh plates weekly.
Viability was assessed every 2 days by gentle prodding with a platinum
pick. Worms that either had internal hatching of progeny or expulsion of
internal organs were not counted as deaths.

Postembryonic development time. Post-embryonic development (PED)
time was measured by transferring eggs to an NGM plate. After 3 h, newly
hatched L1 worms (20 worms per replicate) were transferred to a new
NGM plate. The time from hatching to the L4-adult transition was
measured as the PED time.

Fertility. Brood size was measured by placing individual worms at the L4
stage onto NGM plates followed by daily transfers to new plates. The
resulting progeny was allowed to develop to adulthood before counting
(5 worms per replicate).

Rate of movement. Rate of movement was assessed by measuring
thrashing in liquid using video-tracking and computer analysis. Approxi-
mately 50 worms were placed in M9 buffer (22 mM KH2PO4, 34 mM K2HPO4,
86mM NaCl, 1 mM MgSO4) on a clean NGM plate. Videos were taken with
an Allied Vision Tech Stingray F-145 B Firewire Camera (Allied Vision,
Exton, PA, USA) at 1024× 768 resolution, 8-bit using the MATLAB image
acquisition toolbox. Analysis was performed using wrMTrck plugin for
ImageJ (publically available at http://www.phage.dk/plugins).

Defecation rate. Defecation cycle length was determined by measuring
the time between two consecutive pBoc contractions in day-1 adult worms
with at least 5 worms per replicate. To minimize the effects of laboratory
temperature, defecation was measured on water filled chambers that had
been incubated at 20 °C and the lids of the plates containing the worms
were not removed.

Pharyngeal pumping rate. Pharyngeal pumping rate was assessed by
video-recording followed by manual counting in day-1 adult worms with
10 worms per replicate. For each measurement worms were placed on an
OP50 bacteria-seeded NGM assay plate and recorded for 30 s. Recordings
taken at 15 frames per second were replayed at half speed for manual
counting.

Stress resistance assays: Heat stress, Oxidative stress, Osmotic
stress
Sensitivity to heat stress was determined by assessing survival of young
adult worms incubated at 35 °C. Survival was assessed hourly. Sensitivity to
oxidative stress was determined through multiple paradigms. Sensitivity to
acute oxidative stress was assessed through exposure to increasing
concentrations of juglone (Sigma, St. Louis, MO, USA). Young adult worms
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were transferred to freshly prepared NGM plates containing 240 μM
juglone, and survival was assessed hourly. Sensitivity to chronic oxidative
stress was determined through exposure to plates containing 2mM
paraquat (methyl viologen, Sigma) beginning at day-1 of adulthood. FUdR
(100 μM) was added to these plates to prevent internal hatching of
progeny. Survival was monitored daily until death. Sensitivity to osmotic
stress was determined by transferring young adult worms to NGM plates
containing increased concentrations of NaCl (450–500mM). The survival of
worms was determined after 48 h. All stress assays were completed on
day-1 of adulthood and included a minimum of 20 worms per replicate.

Dopamine-dependent behaviors
Basal slowing. Approximately 50 worms at day 3 of adulthood were
washed in M9 buffer to remove any residual bacteria. The cleaned worms
were then transferred to either unseeded NGM plates or NGM plates
seeded with OP50 bacteria covering the entire plate. After 5 min, videos of
the entire plate were recorded for 1 min with an Allied Vision Tech Stingray
F-504 B Firewire Camera and a Navitar Zoom 7000 lens (Navitar, Tokyo,
Japan) using and the MATLAB image acquisition tool. Recordings were
processed using the wrMTrck plugin for ImageJ. Basal slowing was
calculated as the difference in rate of movement on food versus off food
divided by the rate of movement off food.

Ethanol avoidance assay. Day-1 adult worms were transferred to assay
plates, which are divided into four quadrants: two quadrants seeded with
50 μl ethanol and the others without. Worms are placed in the center of
the assay plate and allowed to move for 30min at which point the entire
plate is imaged and the worms are scored for their quadrant of preference.
Ethanol avoidance is calculated as ((number of worms in control
quadrants)− (number of worms in ethanol quadrants))/ total number
of worms.

Area-restricted searching. Twenty well-fed day-1 adult worms were placed
on a clean 60mm NGM assay plate. One-minute-long video-recordings
were taken at 5 min and 30min after transfer to the assay plate. The tracks
of individual worms are then analyzed for the number of turns exceeding
90° are counted. The area-restricted searching ratio is calculated as the
number of turns per worm at 5 min divided by the number of turns per
worm at 30min. A minimum of three replicates per strain were completed.

Lipofuscin measurements. Synchronized worms at either day 6 or day 9 of
adulthood were plated on NGM plates and aged to the appropriate time
point. Worms were then transferred to a clean 60mm NGM plate and
paralyzed using 2 mM levamisole. Whole-worm images were captured
using a Nikon SMZ 1500 dissecting microscope (Tokyo, Japan) with an
Allied Vision Tech Stingray F-145 B Firewire Camera using Vimba image
acquisition software (Allied Vision, Exton, PA, USA).

Degeneration of dopamine neurons and quantification of
dendritic blebs
The degeneration of dopamine neurons was monitored by expressing GFP
specifically in dopamine neurons under the dat-1 dopamine transporter
promoter. It was previously shown that treatments that cause a loss of
GFP-positive neurons cause a corresponding loss of dopamine neuron cell
bodies.63 Synchronized Pdat-1:GFP worms were plated onto 25 μM FUdR
agar plates to be observed at increasing ages. At each time point 10–15
worms were mounted onto a 1% agar pad on a glass slide, immobilized
using 2 mM levamisole, and enclosed with a coverslip. Imaging of
immobilized animals was carried out with an Axioplan 2 inverted
fluorescence microscope (Zeiss, Oberkochen, Germany). Quantification of
dopamine neurons and dendritic blebs was done in a blinded manner.

Measurement of aggregation
Localized aggregate counts. Worms were mounted onto slides as
described above. Fluorescent punctae were then manually counted in a
defined region centered around the vulva using a × 63 objective on a Zeiss
Axioplan 2 compound microscope (Zeiss, Oberkochen, Germany).

Whole-worm aggregate measurements. Whole-worm images were cap-
tured as described for lipofuscin measurements. Punctae, defined as
clusters of at least 3 pixels whose intensity were at least 1 standard
deviation above the background intensity, were quantified using MATLAB.
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