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Impact statement

The functional decline of motor activity is a
common feature in almost all aging animals
that leads to frailty, loss of independence,
injury, and even death in the elderly popu-
lation. Thus, understanding the molecular
mechanism that drives the initial stage of
this functional decline and developing
strategies to increase human healthspan
and even lifespan by targeting this process
would be of great interests to the field. In
this study, we found that by precisely tar-
geting the motor neurons to potentiate its
synaptic releases either genetically or
pharmacologically, we can not only delay
the functional aging at NMJs but also slow
the rate of aging at the organismal level.
Most importantly, we have demonstrated
that a critical window of time, that is the
early stage of NMJs functional decline, is
required for the beneficial effects. A short-
term treatment within this time period is
sufficient to extend the animals’ lifespan.

Abstract

Age-related mobility decline is often associated with negative physical and psychological
outcomes, such as frailty, in the elderly population. In C. elegans, during the early stage of
the aging process, a progressive deficit of synaptic exocytosis in the motor neurons results
in a functional decline at the neuromuscular junctions, which eventually leads to degener-
ation of both neurons and muscles. This age-dependent functional decline can be amelio-
rated by pharmacological interventions, such as arecoline, a muscarinic AChR agonist
known to promote synaptic exocytosis at the neuromuscular junctions. In this study, we
found that a short-term treatment of arecoline during the early stage of aging, when the NMJ
functional decline begins, not only slows muscle tissue aging, but also extends lifespan in C.
elegans. We have also demonstrated that arecoline acts on the GAR-2/PLCp pathway in the
motor neurons to increases longevity. Together, our findings suggest that synaptic trans-
mission in aging motor neurons may serve as a potential target for pharmacological inter-
ventions to promote both health span and lifespan, when applied at the early stage aging.
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Introduction

begins in middle age.>” Subsequently, this age-related
reduction in motor activity eventually leads to physiologi-

As most animals and humans age, they will inevitably
experience physiological declines in many areas that ulti-
mately lead to decreased vitality and eventually death.'
Deterioration in motor function represents one of the
most prominent physiological declines in aging animals
and humans.?® In humans, the decline in motor function
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cal deterioration in elderly®® and appears to be a major risk
factor for loss of independence and falling that leads to
injury and mortality.'>" Thus, the development of thera-
peutic interventions that can delay or slow the age-
associated motor activity decline would have a great
impact in the healthcare system.
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As a widely utilized model organism for aging studies,
the age-associated decline of motor activity has also been
characterized in the nematode Caenorhabditis elegans.">'® In
C. elegans, the decline of motor activity begins at Days 4-5 of
adulthood, which is near the end of their reproductive
period, and then rapidly deteriorates.'"* Recent studies
have suggested that deficits in neuronal functions may be
the primary contributor of this age-associated decline. For
example, it has been reported by others that subsets of neu-
rons in old animals exhibit mild morphological abnormali-
ties (e.g. extra neuronal branches) and deteriorations at
synapses in C. elegans."”*® We have also previously reported
that motor neurons at NMJs undergo a progressive function-
al decline that begins at Day 5 of adulthood, which parallels
the progressive decline of motor activity.'? Furthermore, we
found that motor neurons first develop a deficit in synaptic
vesicle fusion followed by that in quantal size and vesicle
docking/priming, suggesting that specific functional deteri-
orations in synaptic transmission at the NMJ may be a caus-
ative factor for the age-associated motor activity decline.
Subsequently in mid-life, muscle cells begin to develop func-
tional deficits, which lead to sarcopenia in late-life.'>"?

As the rate of the age-associated decline in motor activity
is found to be inversely correlated with longevity,'*
pharmacological interventions that can stimulate synaptic
transmission at NMJs may be able to restore motor health,
slow the rate of aging, and ultimately increase longevity.
Previously, our study has shown that arecoline, a musca-
rinic AChR agonist known to specifically potentiate neuro-
transmitter release at NMJs, could enhance motor activity
in aged worms. Here, we examined the longevity effect of
arecoline treatment in mid-life and the temporal require-
ment of arecoline on lifespan extension in C. elegans.
Furthermore, the mechanism of action of arecoline on
aging and longevity was investigated.

Materials and methods

C. elegans strains

All strains were maintained at 20°C on NGM plates seeded
with E. coli OP50 strain using the standard method, unless
otherwise stated. Animals were cultured for at least three
generations in optimum conditions before they were used
for experiments. The following alleles and strains were
used in the study: Wild-type Bristol N2; RB896: gar-1
(0k755); RB756: gar-2(0k520); VC223: tom-1(0k285); VC6576:
gar-3(gk305); EQA405: gar-2(0k520); igEx126 [pAH564
(myo-3p::gar-2::SL2::mCherry) + rol-6(su1006)]; EQ407: gar-2
(0k520); igEx127 [PAH558(acr-2p::gar-2::SL2::CFP) +
PAHS560(unc-25p::gar-2::SL2::YFP) + rol-6(su1006)]; EQ1023:
gar-2(0k520); out-crossed 6X to Hsu lab N2; EQ1025: gar-3
(gk305); out-crossed 6X to Hsu lab N2; MT1083: egl-8(n488);
CF1038: daf-16(mu86); TJ356: zIs356 [daf-16p::daf-16a/b::
GFP + rol-6(su1006)].

Wild-type (N2), RB9896, RB756, VC6567, MT1083, CF1038,
and TJ356 strains were obtained from Caenorhabditis
Genetics Center (Saint Paul, MN). For generation of
EQ405 strain, a plasmid DNA mix consisting of 80ng/uL
of pRF4(rol-6p::rol-6(su1006)) and 20ng/uL of pAH564
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(myo-3p::gar-2::SL2:mCherry) was microinjected into the
gonad of young adult N2 hermaphrodite animals. For gener-
ation of EQ407 strain, a plasmid DNA mix consisting of 80 ng/
uL of pRF4(rol-6p::rol-6(su1006)), 10ng/pL of pAHS58(acr-2p::
Qar-2::SL2::CFP), and 10 ng/ uL of pAH560(unc-25p::gar-2::SL2::
YFP) was microinjected into the gonad of young adult N2
hermaphrodite animals. F; progeny was then selected on the
basis of the roller phenotype. Individual F, progenies were
isolated to establish independent line. Microinjection of N2
worms with pRF4(rol-6p::rol-6(su1006)) alone did not affect
the mean lifespan of wild-type animals when grown on
OP50 or HT115(DE3) bacteria (data not shown).

RNA interference analysis

The RNAI clones used in this study were picked from Julie
Ahringer’s library and were confirmed by sequencing
using M13 forward primer (5-TGTAAAACGACGGC
CAGT-3'). HT115(DE3) E. coli bacteria transformed with
either empty vector (L4440) or plasmid expressing
double-stranded RNA for desired gene were grown in LB
supplemented with 100 pg/mL Carbenicillin at 37°C over-
night. Bacterial cultures were seeded on nematode growth
medium (NGM) or high-growth (HG) plates containing
100 pg/mL Carbenicillin. IPTG was added to the plates to
a final concentration of 1mM. Animals were subjected to
RNAIi by transferring unhatched eggs to RNAi plates at
25°C, unless otherwise stated. For RNAi only during adult-
hood, worms were transferred from L4440 plates to RNAi
plates at late L4 to young adult stage.

Lifespan analysis

Synchronized eggs were transferred by picking to NGM
plates seeded with OP50 or HTI115(DE3) bacteria (for
RNAIi conditions) at 20°C, unless otherwise stated. On
Day 1 of adulthood, worms were transferred to fresh
plates with bacteria at a density of 12-15 worms per
plate. Worms were subsequently transferred to new
plates every other day until egg-laying ceased. Viability
of worms was scored every one to two days. Animals
that were immobile and did not respond to gentle touch
of a platinum pick were scored as dead. Worms that
bagged, exploded, crawled off plates, or were accidentally
killed during the experiment were censored.

DAF-16 nuclear localization assay

For quantification of DAF-16::GFP localization, synchro-
nized eggs from TJ356 animals (i.e. transgenic animals
expressing DAF-16::GFP) were seeded onto either vehicle
control or drug plates. The GFP expression of these animals
was then analyzed using an Olympus BX61 (Olympus
America Inc., Center Valley, PA, USA) fluorescent micro-
scope. Worms were blindly scored without knowing the
identity of the treatments for the presence or absence of
GFP accumulation within the intestinal nuclei as one-day-
old adult (n =60 or greater for all treatments). An animal
was scored as having nuclear localized DAF-16::GFP when
at least one intestinal cell shows nuclear accumulation of
DAF-16::GFP.
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Quantification of locomotion activity

Locomotion behavior was assayed on NGM plates using an
automated worm tracking system described previously.”**!
In short, NGM plates were spread with a thin layer of fresh-
ly grown OP50 bacteria 5 min prior to tracking. We per-
formed tracking at 20°C and at a relative humidity of
~40% with the lid off. The Worm Tracker consists of a ste-
reomicroscope (Zeiss Stemi 2000 C) mounted with a digital
camera (Cohu 7800) and a digital motion system (Parker
Automation) that follows worm movement. A customer-
developed software package was used to control the
system. Worm images were recorded at 2Hz for 5min,
and the mean centroid speed of each worm was quantified
and displayed in real time.

Statistical analysis

For lifespan experiments, Mantel-Cox log-rank test was
performed using STATA (Stata Corp, College Station, TX,
USA). Details of statistical tests used, number of biological
replicates and P values for each experiment are included in
figure legends.

Results

Genetic activation of synaptic transmission at NMJs
during early stage of aging extends lifespan in C.
elegans

Synaptic exocytosis at NMJs was found to undergo a pro-
gressive functional decline in C. elegans, beginning at Days
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4-5 of adulthood." Tt is believed that this deterioration of
synaptic exocytosis with age contributes to the progressive
decline of motor actiVity.12 Thus, we first examined wheth-
er boosting synaptic exocytosis via genetic interventions
could restore motor health and consequently increase lon-
gevity, and if yes, then what is the temporal requirements
for such interventions.

tom-1 encodes the C. elegans ortholog of tomosyn,
a syntaxin-interacting protein, which is known to suppress
synaptic exocytosis by inhibiting the priming of synaptic
vesicles.'>** Previous studies have reported that choliner-
gic neurotransmission at NM]Js is increased and,
consequently, the forward/backward reversals and inci-
dence of pauses are increased in fom-1 hypomophic
mutants.'>*> Here, we found that tom-1(0k285) mutants
exhibit a 30% increase in locomotion speed compared to
wild types (Figure 1(a)), suggesting that synaptic transmis-
sion at NM]J could be boosted by genetically inactivating
TOM-1.

We then asked whether genetic inactivation of TOM-1
slows aging and extends lifespan. We found that RNAi
knock-down of tom-1 from hatching did not affect lifespan
in wild type N2 animals (Figure 1(b)). However, when the
RNAi knock-down of tom-1 was initiated at Day 5 of adult-
hood, both the locomotion speed and the longevity of tom-1
RNAIi animals are significantly increased (Figure 1(c) and
(d)). As functional decline at NMJs normally begins at Days
4-5 of adulthood in C. elegans, our findings suggest that
potentiating synaptic transmission after, but not before,
the functional decline of NMJs begins might delay aging
and increase longevity.
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Figure 1. Genetic inactivation of tom-1 increases both motor activity and longevity. (a) tom-1(0k285) worms show higher locomotion speed than wild-type animals at
Day 1 of adulthood (unpaired t-test; **P<0.01). (b) Lifespan analysis of animals grown on empty vector control (blue) or tom-1 RNAI (red) bacteria from hatching. (c)
Locomotion speed of Day 9 of adulthood treated with empty vector control or tom-1 RNAI initiated from Day 5 of adulthood (unpaired t-test; ***P<0.001). (d) Survival
curves of animals fed with empty vector control (blue) or tom-1 RNAI (red) bacteria from Day 5 of adulthood (log-rank test; P < 0.0001). The graphs are representative of

two independent experiments. Detail statistical data are included in Table S1.
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Short-term arecoline treatment during early stage of
aging extends lifespan in C. elegans

Our genetic studies have indicated that potentiate NM]
functions at early stage of aging could extend lifespan.
Thus, we set out to examine whether similar effects can
be reproduced using pharmacological interventions. We
have previously demonstrated that arecoline treatments
in both Day 9 and Day 15 adult worms could significantly
increase the neurotransmitter release at NM]Js and the loco-
motion speed,'? suggesting that arecoline treatment might
be able to ameliorate the functional decline of NMJs in
aging animals. Therefore, we first examined the effect of
arecoline treatment on worms’ lifespan when applied for
their entire life. We found that whole-life treatment of arec-
oline significantly shortened the lifespan of animals (Figure
2(a)), indicating that long-term arecoline treatments may be
detrimental to worms.

Thus, we then limited the duration of the arecoline treat-
ment to three days. Based on our results with tom-1,

Short-term stimulation of motor neuron extends lifespan

potentiating synaptic releases at NMJs during the early
stage of its functional decline could significantly extend
lifespan. Therefore, we performed lifespan assays with
short-term (i.e. three days) arecoline treatments starting at
different stages of adulthood. We found that arecoline treat-
ment from Days 1 to 3 slightly shortened the lifespan of
wild type animals, whereas Days 3 to 5 treatment produced
no effect on worm lifespan (Figure 2(b) and (c)). However,
when we applied arecoline to adult worms during Days 4
to 6 or Days 5 to 7, the lifespans were significantly extended
(Figure 2(d) and (e), 13.3% and 13.4%, respectively), similar
to what we observed in tom-1 RNAi worms. Intriguingly,
Days 4 to 7 is in the exact period when animals demonstrate
the most dramatic drop in motor activity and locomotion
speed during aging.'* Indeed, the animals treated with
arecoline from Days 4 to 6 or Days 5 to 7 had better perfor-
mance in locomotion compared to the control group (data
not shown). Furthermore, no significant lifespan extension
was observed in animals treated with arecoline from Days 6
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Figure 2. Arecoline fed from mid-life stages extends lifespan in C. elegans. Survival curves of control (blue) and 0.2 mM arecoline-treated (red) worms from (a) whole
adulthood, P < 0.0001, and (b) early adulthood from Day 1 to Day 3, P =0.0002. Survival curves of animals treated with control vehicle (blue) and arecoline (green) from
mid-life stages: (c) Day 3 to Day 5, P=0.0002, (d) Day 4 to Day 6, and (e) Day 5 to Day 7. (f) Survival curves of control (blue) and arecoline-treated (red) worms from adult
Day 6 to Day 8. The arecoline groups of animals were maintained on NGM plates with 0.2 mM arecoline for the above-mentioned periods. P-values represent results of
log-rank calculation. The graphs are representative of two or three independent experiments. Detail statistical data are included in Table S1.
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to 8 (Figure 2(f)). These results together suggested that
deceleration of functional decline at NMJs by pharmacolog-
ical interventions might extend lifespan. However, it has to
be done during the early stage of functional aging.

To determine the optimal concentration of arecoline to
extend lifespan, we subsequently performed lifespan anal-
ysis in the presence of 0.004, 0.02, 0.1, or 0.2mM arecoline
during Day 4 to Day 6 adulthood. We found that lifespan
extensions were consistently observed when animals were
treated with 0.1 mM and 0.2mM of arecoline (Table S1I).
Therefore, in the following experiments, the regimen of
arecoline treatment for lifespan analysis was set at
0.1 mM arecoline from Day 4 to Day 6.

The lifespan extension induced by arecoline requires
GAR-2 muscarinic acetylcholine receptor in motor
neurons

Arecoline is a known agonist of muscarinic acetylcholine
receptors (MAChRs). In C. elegans, there are three G protein-
linked muscarinic acetylcholine receptor genes: gar-1, gar-2,
and gar-3. gar-1 and gar-3 encode mAChRs homologous to
M1, M3, and M5 classes of mammalian muscarinic acetyl-
choline receptors and gar-2 belongs to the M2/M4 class of
mAChRs.” To identify which mAChR mediates the lon-
gevity effects of arecoline, we first performed lifespan anal-
ysis on gar-1, gar-2, and gar-3 loss-of-function mutants

treated with 0.1 mM arecoline from adult Days 4 to 6. We
found that gar-1(0k755) and gar-3(gk305) mutants lived
12.17% and 12.51% longer, respectively, upon arecoline
treatment, similar to those observed in WT animals
(Figure 3(a), (b) and (d)). However, arecoline-induced life-
span extension was completely abolished in gar-2(0k520)
mutants (Figure 3(c)). Together, our results indicated that
gar-2 might be the mAChR that mediates the longevity
effect of short-term arecoline treatment in C. elegans.
Based on these and our previous findings, we hypothe-
sized that arecoline may act through GAR-2 receptor in the
motor neurons to potentiate synaptic exocytosis at NM]J
and consequently to slow functional and organismal
aging. GAR-2 has been shown to express mainly in the
motor neurons, but also in other types of neurons.** To
clarify whether the longevity effect mediated by arecoline
is indeed dependent on GAR-2 in the motor neurons, we
generated transgenic animals where GAR-2 is driven by the
cholinergic motor neuron promoter, acr-2% and the
GABAergic motor neuron promoter, unc—25,26 in gar-2
(0k520) mutants. Surprisingly, we found that gar-2(0k520)
mutants expressing GAR-2 in motor neurons lived 15.7%
longer than wild-type animals even without any arecoline
treatment, while similar gar-2 transgenic animals driven by
the muscle myo-3 promoter did not show any lifespan phe-
notypes (Figure 4(a)). It is possible that overexpression of
GAR-2 alone might lead to moderate agonist-independent
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Figure 3. gar-2 is required in lifespan extension induced by arecoline. Survival curves of (a) wild type animals subjected to control (blue) and 0.1 mM arecoline (red)
treatment from adult Day 4 to Day 6, P =0.0005. (b) gar-1(ok755) mutants subjected to control (blue) and 0.1 mM arecoline (red) treatment from adult Day 4 to Day 6,
P =0.0009. (c) gar-2(0k520) mutants subjected to control (blue) and 0.1 mM arecoline (green) treatment from adult Day 4 to Day 6, P = 0.9372. (d) gar-3(gk305) mutants
subjected to control (blue) and 0.1 mM arecoline (red) treatment from adult Day 4 to Day 6, P =0.0227. P-values represent results of log-rank. The graphs are
representative of two or three independent experiments. See Table S1 for statistical analysis and additional repeats.
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activation of mAChR. Thus, animals with neuronal over-
expression of GAR-2 had an increased basal NM]J function,
which leads to the increased longevity.

We next tested the longevity effects of short-term areco-
line treatment on neuronal or muscular GAR-2-rescued
mutants. Our results indicated that arecoline treatment
from adult Days 4 to 6 could further extend the lifespan
by 6% in gar-2(0k520);acr-2::gar-2;unc-25::gar-2 mutants
(Figure 4(b)). In contrast, arecoline did not affect lifespan
in gar-2(0k520) mutants expressing GAR-2 in the muscle
(Figure 4(c)). Together, our data indicate that pharmacolog-
ical activation of GAR-2 in the motor neurons, but not in
muscle cells, is sufficient to extend lifespan.
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Arecoline-induced lifespan extension requires egl/-8/
PLCpj, a downstream effector of Gq signals

DAF-16/FOXO has been known to be an essential tran-
scription factor in several longevity regulatory signaling
pathways in worms, such as the Insulin/IGF-1 signaling
(IIS) and signaling from the reproductive system. Thus,
we wanted to investigate whether DAF-16 plays any role
in regulating the arecoline-induced longevity. To address
this question, we first treated animals expressing daf-16::
gfp reporter with arecoline for 1 and 24h and analyzed
the nuclear translocation of DAF-16. However, arecoline
failed to induce nuclear translocation of DAF-16 in all
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conditions (Figure S1(a)). We then performed lifespan anal-
ysis on daf-16(mu86) null mutants treated with 0.1 mM arec-
oline from Days 4 to 6. The results indicated that arecoline
treatment slightly extends lifespan in daf-16 null mutants
(Figure S1(b)), suggesting that DAF-16/FOXO might be
partially required for the arecoline-induced longevity.

Previous studies have shown that egl-8/phospholipase
Cp (PLCP) is required to mediate the effects of arecoline
in stimulating acetylcholine release at NMJs in C. ele-
gans. >’ Arecoline activates egl-8/phospholipase Cf
(PLCp) via Gq protein to produce more diacylglycerol
(DAG), which facilitates neurotransmitter release.”” Since
we have demonstrated that arecoline acts through GAR-2
in the motor neurons to extend lifespan, we then examined
whether the PLCp signaling pathway is responsible for the
arecoline-induced longevity. Hence, egl-8(1488) lost-of-
function mutants were treated with 0.1mM and 0.2mM
arecoline from Days 4 to 6. No lifespan extension was
observed in arecoline-treated egl-8 mutants (Figure 4(d)),
suggesting that the arecoline-induced longevity requires
EGL-8/PLCp activity. Taken together, our findings suggest
that arecoline might act on GAR-2 to trigger the activation
of the egl-8/PLCf signaling pathway in the motor neurons,
resulting in an enhancement of synaptic transmission at
NM]J and subsequently a delay in NM]J functional aging
as well as organismal aging (Figure 4(e)).

Discussion

We have previously reported that the progressive decline in
synaptic exocytosis in the motor neurons might contribute
significantly to the age-associated motor activity declines,
which is a major predictor for animals’ lifespan.'** In this
study, we have further demonstrated that we could slow
both functional aging in the neuromuscular system and
increase longevity by targeting the synaptic exocytosis
directly or indirectly via genetic or pharmacological inter-
ventions. By targeting the negative regulators, TOM-1, we
have shown that activation of synaptic vesicles release from
the presynaptic motor neurons at the early stage of NM]J
aging can significantly extend worm lifespan. By pharma-
cologically targeting the GAR-2 receptor to potentiate syn-
aptic releases in the motor neurons through arecoline, we
can also extend animals’ lifespan. Most significantly, we
found that these interventions have to be applied at the
right time, when the motor activity and NM]Js function
just begin to deteriorate but remain mostly intact (i.e.
Days 4-7 of adulthood), in order to be beneficial for longev-
ity (Figures 1(c) and 2(d) to (e)). This also suggest that
decelerating the age-associated functional decline of
NM]Js, rather than boosting basal NM]Js activity, is more
beneficial in the context of health span and lifespan
extension.

Therefore, we proposed that a temporally optimized
short-term intervention targeting the early stage of the
functional aging may be more beneficial than long-term
treatments when it comes to anti-aging strategies.
Consistent with this idea, recent evidence suggests that
high-intensity long-term exercise reduces the beneficial
effects of exercise.””*” Moreover, transgenic overexpression

of the vesicular acetylcholine transporter (VAChT) in mice
increases synaptic acetylcholine and accelerates NM]J
degeneration,” suggesting that elevating basal levels of
synaptic acetylcholine throughout the entire life may not
be optimal. Thus, whole-life arecoline treatment, which
constantly enhances synaptic acetylcholine release, may
also be harmful to animals as we have observed.

In this study, we have also elucidated the molecular
mechanism of action for arecoline in longevity regulation.
We have found that arecoline acts on to the muscarinic ace-
tylcholine receptor, GAR-2, in the motor neurons to poten-
tiate neurotransmitter release at the NMJs and
consequently increases longevity in C. elegans (Figures 3
and 4). We have also shown that egl-8/PLC is the down-
stream effector of arecoline to regulate longevity (Figure 4
(d)). Therefore, mammalian mAChR isoforms expressed in
the motor neurons may serve as potential therapeutic tar-
gets for future development of interventions combating
age-related motor activity declines, such as sarcopenia
and frailty.
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