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ORGANISMAL BIOLOGY

Genetic and pharmacological interventions in the aging
motor nervous system slow motor aging and extend

life span in C. elegans

Guang Li"2*, Jianke Gong"z*,Jie Liu*3, Jinzhi Liu"? Huahua Li? Ao-Lin Hsu*>5,

Jianfeng Liu”, X.Z. Shawn Xu?**

As animals and humans age, the motor system undergoes a progressive functional decline, leading to frailty. Age-
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dependent functional deteriorations at neuromuscular junctions (NMJs) contribute to this motor aging. However,
itis unclear whether one can intervene in this process to slow motor aging. The Caenorhabditis elegans BK channel
SLO-1 dampens synaptic transmission at NMJs by repressing synaptic release from motor neurons. Here, we show
that genetic ablation of SLO-1 not only reduces the rate of age-dependent motor activity decline to slow motor
aging but also surprisingly extends life span. SLO-1 acts in motor neurons to mediate both functions. Genetic
knockdown or pharmacological inhibition of SLO-1 in aged, but not young, worms can slow motor aging and pro-
long longevity. Our results demonstrate that genetic and pharmacological interventions in the aging motor ner-

vous system can promote both health span and life span.

INTRODUCTION

Aging is characterized by a progressive decline in physiological func-
tions of multiple tissues and organs, leading to an increased proba-
bility of death (1). Age-dependent motor function decline occurs in
diverse organisms ranging from worms to humans, representing one
of the most prominent features of normal aging (1). For example, the
nematode Caenorhabditis elegans begin to lose their motor activity
in early adult life (2-7). Humans develop deficits in motor functions
beginning in mid-life (8, 9). This aging process ultimately leads to
frailty, resulting in falling that causes injury and mortality (8, 9). How-
ever, it remains a challenge to develop strategies to delay or reduce the
rate of motor aging.

C. elegans has been widely used as a genetic model organism for the
study of aging (I). Previous efforts have characterized age-dependent
motor activity decline in C. elegans. For example, it has been shown
that motor neurons at neuromuscular junctions (NM]Js) in aging
worms undergo functional deterioration beginning in early life (2).
Subsequently in mid-life, muscle cells begin to develop functional
deficits, culminating in sarcopenia in late life (2, 10). Morphological ab-
normalities are also detected at NM]Js in aged worms (11-13). Acute
pharmacological stimulation of synaptic transmission at NM]Js in old
worms can transiently potentiate motor activity (2). Nevertheless, no
pharmacological interventions have been developed to persistently
decrease the rate of age-dependent motor activity decline to slow mo-
tor aging. It is also unclear whether these interventions, if successful,
benefit longevity.
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In this study, we sought to identify a molecular target whose func-
tion can be manipulated pharmacologically and/or genetically to slow
motor aging and possibly promote longevity. SLO-1 is the C. elegans
ortholog of the BK channel, a large-conductance, calcium-activated
potassium channel that dampens neuronal excitability (14). SLO-1 is
known to repress synaptic transmission at NMJs by suppressing mo-
tor neuron excitability and thereby blunting synaptic release from
these neurons (14). We found that slo-1 mutant worms display a re-
duced rate of motor activity decline during aging and exhibit a higher
motor activity in mid-late life compared to wild-type (WT) animals.
slo-1 mutant worms are also long lived. We further showed that SLO-1
acts in motor neurons to regulate both motor aging and longevity.
Genetic knockdown or pharmacological inhibition of SLO-1 can both
slow motor aging and extend life span in aged, but not young, worms.
These results reveal an important role for SLO-1 in aging, demonstrat-
ing that genetic and pharmacological interventions in aging motor
neurons at NMJs can promote both health span and life span.

RESULTS
slo-1 mutant worms exhibit a slower rate of age-dependent
motor activity decline and are long lived
Synaptic release from motor neurons at NM]Js is known to undergo
a progressive functional decline beginning in early life, which con-
tributes to age-dependent motor activity decline in C. elegans (2). To
identify a molecular target whose function can be manipulated to slow
this motor aging, we considered the genes that function to dampen
synaptic release from motor neurons at NMJs. We reasoned that
blunting the function of these “negative regulators” of synaptic trans-
mission might boost synaptic release from aging motor neurons,
thereby promoting synaptic transmission at NMJs and increasing
motor activity in aged worms. SLO-1 thus came to our attention, as
it has been reported to dampen synaptic release from motor neurons
at NMJs (14).

We recorded locomotion behavior of WT and slo-1 null mutant
worms throughout life span (Fig. 1A and fig. S1). As reported previ-
ously (2, 3), WT worms exhibited a progressive decline in locomotion
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Fig. 1. slo-1 mutant worms exhibit a slower rate of motor activity decline during aging and are long lived. (A and B) slo-1(js379) mutant worms exhibit a slower rate
of motor activity decline during aging. (A) slo-1(js379) and WT (N2) worms were analyzed for locomotion behavior every other day, and their locomotion speed was quan-
tified. (B) Data summary for young (day 3) and aged (day 11) worms. Error bars represent SEM. n > 15. **P < 0.005 and ***P < 0.0005 (t test). (C) slo-1(js379) mutant worms

are long lived. See table S1 for details.

speed, beginning in early life (Fig. 1A). Although the locomotion
speed of slo-1 mutant worms was lower than that of WT worms in
early life (e.g., day 3 in Fig. 1B), these mutant worms displayed a
slower rate of motor activity decline with age (Fig. 1, A and B). Con-
sequently, slo-1 mutant worms maintained a higher motor activity
than WT worms in mid-late life, revealing a beneficial role of slo-1
mutation in motor aging (Fig. 1, A and B).

The observation that slo-1 mutant worms exhibited a slower rate
of motor aging prompted us to test their life span. Strikingly, slo-1
mutant worms were long lived (Fig. 1C). We also examined a gain-
of-function slo-1 mutant (ky389) and found that this mutant had a
very short life span (fig. S2), indicating that the mutant is quite un-
healthy. We thus decided to focus on slo-I null mutant worms for
further characterizations. Nonetheless, this gain-of-function pheno-
type appears to be opposite to that observed with slo-1 null mutant
worms. These results demonstrate that loss of SLO-1 not only slows
motor aging but also promotes longevity.

SLO-1 acts in motor neurons to regulate both longevity

and motor aging

SLO-1 is broadly expressed in neurons and muscles (14). To ascer-
tain in which tissues SLO-1 functions to regulate life span and mo-
tor aging, we attempted to rescue the phenotypes of slo-I mutant
worms using cell type-specific promoters. Transgenic expression of
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slo-1 WT gene in neurons under a pan-neuron promoter rescued
the long-lived life-span phenotype of slo-1 mutant worms, while a
muscle-specific slo-1 transgene did not (Fig. 2A). Thus, SLO-1 appears
to act in neurons to regulate life span.

Ventral cord motor neurons at NM]Js drive locomotion behavior
in C. elegans (15). We found that a slo-1 transgene expressed in these
motor neurons rescued the longevity phenotype of slo-1 mutant
worms (Fig. 2A). As a control, the longevity phenotype was not res-
cued by a slo-1 transgene expressed in sensory neurons (Fig. 2A).
These data demonstrate that SLO-1 can act in motor neurons to
regulate longevity.

We then attempted to rescue the locomotion phenotypes asso-
ciated with slo-1 mutant worms. Similarly, slo-1 mutant worms, which
carried a slo-1 rescuing transgene expressed in neurons but not in
muscles, no longer exhibited a slower rate of motor activity decay in
mid-late life and consequently no longer maintained a higher mo-
tor activity in mid-late life, indicating that their slow motor aging
phenotype was rescued (Fig. 2, B, C, and F). The same slo-1 neuro-
nal transgene failed to rescue the reduced motor activity phenotype
of slo-1 mutant worms in their early life (Fig. 2B). Namely, these
transgenic worms still displayed lower motor activity in early life
compared to WT worms (Fig. 2B). This suggests that unlike the slow
motor aging phenotype, the reduced motor activity phenotype in
young slo-1 mutant worms may be caused by a different mechanism.
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Fig. 2. SLO-1 acts in motor neurons to regulate both longevity and motor aging. (A) SLO-1 acts in motor neurons to regulate life span. Transgenic expression of slo-1
complementary DNA (cDNA) in neurons using a pan-neuronal promoter (rgef-1) and in motor neurons using a combination of acr-2 and unc-25 promoters rescued the
longevity phenotype of slo-1 mutant worms, whereas such expression in muscles (myo-3 promoter) or sensory neurons (osm-6 promoter) did not. See table S1 for details.
(B to F) SLO-1 acts in motor neurons to regulate motor aging. Transgenic expression of slo-1 cDNA in all neurons (B) and motor neurons (E), but not in the muscle (C) or
sensory neurons (D), rescued the motor aging phenotype of slo-1 mutant worms in mid-late life. (B) to (E) share the same WT and slo-1 traces, which are listed for ease of
comparison. (F) Bar graph summarizing the data in (B) to (E) of day 11 animals. Error bars represent SEM. n > 15. *P < 0.05 and **P < 0.005 [analysis of variance (ANOVA)

with Dunnett’s test]. n.s., not significant.

Alternatively, although our rescuing experiments focused on slo-1a,
the primary slo-1 isoform, there are a dozen of other alternatively
spliced slo-1 transcripts; thus, it is possible that the latter phenotype
might be mediated by a different slo-1 isoform(s). Nevertheless, these

Lietal., Sci. Adv. 2019; 5 : eaau5041 2 January 2019

data indicate that SLO-1 acts in neurons to regulate motor aging in
mid-late life. Additional rescuing experiments further showed that
a slo-1 transgene expressed in motor neurons, but not in sensory
neurons, was sufficient to rescue the slow motor aging phenotype of
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slo-1 mutant worms in mid-late life (Fig. 2, D to F). Thus, similar to
longevity, SLO-1 also acts in motor neurons to regulate motor aging
in mid-late life.

Genetic knockdown of slo-17 in aged, but not young, worms
slows motor aging and extends life span

As described above, one interesting phenomenon is that, while slo-1
mutant worms exhibited a slower rate of motor aging and main-
tained a higher motor activity in mid-late life (Fig. 1, A and B), the
locomotion speed of these mutant worms was actually lower than
that of WT worms in their early life (Fig. 1A). This suggests that
genetic ablation of slo-1 may have a detrimental effect on motor
activity in early life, although loss of slo-1 in mid-late life may be
beneficial, pointing to a model that the role of SLO-1 in motor aging
may be stage dependent. This model is consistent with our rescuing
data showing that the slo-1 transgenes, which rescued the slower
motor aging phenotype in mid-late life, were unable to rescue the
lower motor activity phenotype observed in slo-1 mutant worms in
early life (Fig. 2, B, E, and F). To further test this model, we knocked
down slo-1 by RNA interference (RNAi) in WT worms at different
ages (Fig. 3, A to D). As SLO-1 acts in neurons to regulate life span
and motor aging, we performed RNAi experiments using a neuron-
specific RNAi strain (16). RNAI of slo-1 in young worms beginning
at day 1 or day 3 failed to increase their motor activity in mid-late
life (Fig. 3, A and B). By contrast, RNAI of slo-1 at a later stage start-
ing from day 5 or day 7 decreased the rate of motor activity decline
(Fig. 3C), and consequently, these worms maintained a higher mo-
tor activity in mid-late life (Fig. 3D). These data suggest that loss of
slo-1 in mid-late, but not early, life benefits the motor system.

We then assayed life span by repeating the same RNAi knockdown
experiment on WT worms. Similarly, RNAi of slo-1 in young worms
beginning at day 1 or day 3 did not elicit an effect on life span (Fig. 3E),
while treating worms with RNAi starting from a later age (e.g., days 5
and 7) extended life span (Fig. 3F). Thus, genetic knockdown of slo-1
in aged, but not young, worms not only slows motor aging but also
promotes longevity.

SLO-1 regulation of motor aging and longevity

requires DAF-16

As aging pathways tend to converge on a handful of transcription
factors (1), we went on to search for a transcription factor, if present,
that mediates SLO-1’s function in longevity and motor aging. DAF-
16, a FOXO transcription factor, is a master regulator of longevity
(17, 18). Loss of the daf-16 gene suppressed the long-lived phenotype
of slo-1 mutant worms (Fig. 4A), indicating that DAF-16 is required
for SLO-1 to regulate life span. We checked sod-3, a well-characterized
DAF-16 target gene, and found that it was up-regulated in slo-1
mutant worms (fig. S3, A to C), consistent with a role for DAF-16
in acting downstream to mediate the effect of SLO-1. DAF-16 is
best known to be regulated by insulin/insulin-like growth factor
1 (IGF-1) signaling (IIS). We thus asked whether there is a poten-
tial genetic interaction between SLO-1 and IIS. Loss of slo-1 can
further extend the life span of daf-2 and age-1 mutant worms
(fig. S4, A and B). daf-2 and age-1 encode the worm ortholog of
insulin/IGF-1-like receptor and phosphatidylinositol 3-kinase, re-
spectively, the two key players in IIS. This suggests that SLO-1 and
IIS act independently to regulate DAF-16. IIS regulates DAF-16 by
inhibiting its translocation to the nucleus (19, 20), while some
other longevity pathways regulate DAF-16 function within the nu-

Lietal., Sci. Adv. 2019; 5 : eaau5041 2 January 2019

cleus without affecting its nuclear translocation (21-23). While daf-2
deficiency promoted nuclear translocation of DAF-16 (fig. S3, F and G),
no such nuclear translocation was detected in slo-1 mutant worms
(fig. S3, D to G), consistent with the notion that SLO-1 and IIS act inde-
pendently to regulate DAF-16. These results reveal an essential role for
DAF-16 in mediating the function of SLO-1 in longevity.

DAF-16 has been shown to act in both the intestine and neurons
to regulate life span (24). To determine in which tissues DAF-16
functions to mediate the role of SLO-1 in life-span control, we set
out to rescue the daf-16 mutant phenotype by expressing WT daf-16
cDNA as a transgene in the intestine or neurons using tissue-specific
promoters (Fig. 4, A and B). An intestine-specific daf-16 transgene
fully rescued the daf-16 mutant phenotype (Fig. 4B), while a neuron-
specific daf-16 transgene only had a partial effect (Fig. 4B). We also
examined the muscle, but found that transgenic expression of daf-16
cDNA in the muscle showed no rescuing effect (fig. S5). Thus, while
DAF-16 can act in both the intestine and neurons, it primarily acts in
the intestine to mediate the function of SLO-1 in life-span regulation.

We then assessed the role of DAF-16 in motor aging. Mutations
in daf-16 suppressed the higher motor activity phenotype observed
in aged slo-1 mutant worms in mid-late life (Fig. 4, C and E). Namely,
the motor activity of slo-I;daf-16 double mutant in mid-late life was
indistinguishable from that of daf-16 single mutant (Fig. 4, C and
E). This observation indicates that DAF-16 is required for SLO-1 to
regulate motor aging in mid-late life. Notably, the motor activity of
the double mutant was lower than that of slo-1 and daf-16 single
mutants in early life (Fig. 4C), indicating an additive effect. Thus,
SLO-1 and DAF-16 may function in separate pathways in early life,
consistent with our model that SLO-1 acts in mid-late life, but not
in early life, to regulate motor aging. We further rescued the daf-16
phenotype using tissue-specific transgenes and found that transgenic
expression of daf-16 WT gene in the intestine of slo-1;daf-16 double
mutant can fully restore the higher motor activity phenotype ob-
served in slo-1 single mutant worms (Fig. 4, D and E), while a neuron-
specific transgene only had a partial effect and a muscle-specific
transgene displayed no effect (Fig. 4, D and E). Thus, while DAF-16
can function in both the intestine and neurons, it primarily acts in
the intestine to mediate the function of SLO-1 in motor aging, a phe-
nomenon similar to that observed in life-span experiments. This set
of data identifies DAF-16 as a key transcription factor that mediates
SLO-1’s function in both motor aging and longevity.

Pharmacological blockade of SLO-1 in aged, but not young,
worms slows motor aging and extend:s life span

Encouraged by our data from genetic studies, we wondered if phar-
macological blockade of SLO-1 would also be able to slow motor
aging and extend life span. We tested paxilline, a potent BK channel
blocker (25). Paxilline (10 nM) treatment of young worms beginning
at days 1 and 3 did not have a notable effect on life span (Fig. 5A).
Treating worms with paxilline (10 nM) starting at a later age (days 5
and 7) prolonged life span (Fig. 5B). It is possible that when paxilline
was applied in early life (e.g., day 1), worms were exposed to paxilline
for a longer period and thus might accumulate more paxilline in
their body, which might potentially exert a negative effect on life
span. This possibility is unlikely, as lower concentrations of paxilline
(e.g., 1 and 5 nM) also lacked a life span-extending effect when ap-
plied to day 1 worms (fig. S6A), whereas treating worms at a later stage
(day 5) with much higher concentrations of paxilline (e.g., 100 and
1000 nM) can still extend life span (fig. S6B). The life span—extending
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Fig. 3. Genetic knockdown of slo-1 in aged, but not young, worms slows motor aging and extends life span. (A to D) RNAi of slo-7 in young worms has no notable
effect on motor aging (A and B), whereas this treatment in aged worms reduces the rate of motor activity decline in mid-late life (C and D). WT worms were fed bacteria
expressing RNAi against slo-T gene beginning at days 1 and 3 (A) or days 5 and 7 (C). (A) and (B) as well as (C) and (D) share the same vector control. (B) and (D) summarize
the datain (A) and (C) for aged (day 11) animals, respectively. Error bars represent SEM. n > 15. ***P < 0.0005 (ANOVA with Dunnett’s test). (E and F) slo-1 in young worms
has no notable effect on their life span (E), whereas this treatment in aged worms extends life span (F). (E) and (F) share the same WT trace. RNAi was performed on TU3401,

a neuron-specific RNAi strain (16). See table S1 for details.

effect of paxilline depended on SLO-1, as no such effect was de-
tected in slo-1 mutant worms (Fig. 5C), consistent with the view that
paxilline is a BK channel blocker. These results indicate that phar-
macological blockade of SLO-1 in aged, but not young, worms
promotes longevity.

We then tested the effect of paxilline on motor aging. While
paxilline (10 nM) treatment of young worms beginning at days 1

Lietal., Sci. Adv. 2019; 5 : eaau5041 2 January 2019

and 3 did not affect age-dependent motor activity decline (Fig. 5, D
and G), treating worms at a later age starting from days 5 and 7 re-
duced the rate of motor activity decline, and these worms main-
tained a higher motor activity in mid-late life (Fig. 5, E and G). As
was the case with life-span experiments, lower concentrations of
paxilline (e.g., 1 nM), when applied to day 1 worms, did not reduce
the rate of motor activity decline, whereas treating older worms
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Fig. 4.SLO-1 regulation of life span and motor aging requires the FOXO transcription factor DAF-16. (A) SLO-1 regulation of life span requires DAF-16. Loss of daf-16
blocked the long-lived phenotype of slo-T mutant worms. (B) Transgenic expression of daf-16 cDNA in the intestine using the ges-1 promoter can fully rescue the daf-16
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rizing the data in (C) and (D) for aged (day 11) worms. Error bars represent SEM. n > 15. **P < 0.005 and ***P < 0.0005 (ANOVA with Dunnett’s test).

(day 5) with much higher concentrations of paxilline (e.g., 1000 nM)
was still able to slow motor aging (fig. S6C), consistent with the
notion that paxilline is more effective on aged worms. The effect of
paxilline on motor aging relied on SLO-1, as this effect was absent
in slo-1 mutant worms (Fig. 5, F and H). This supports the view that
paxilline is a BK channel blocker (25). Thus, similar to the case with
genetic knockdown, pharmacological inhibition of SLO-1 in aged,

Lietal., Sci. Adv. 2019; 5 : eaau5041 2 January 2019

but not young, worms can also promote longevity and slow motor
aging.

Genetic ablation of SLO-1 slows the functional aging of
motor neurons at NMJs

To obtain further evidence, we recorded synaptic transmission at
NM]Js in the ventral nerve cord by patch clamp. NMJs in this area
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Fig. 5. Pharmacological blockade of SLO-1 in aged, but not young, worms extends life span and slows motor aging. (A and B) Paxilline treatment of aged, but not
young, worms extends life span. (A) Paxilline (10 nM) treatment from early age (days 1 and 3) did not extend life span (P < 0.348, log-rank test). (B) Paxilline (10 nM) treat-

ment from aged worms (days 5 and 7) extended life span. See table S1 for statistics. (C)

Paxilline extension of life span depends on SLO-1. No life-span extension by paxilline

was detected in slo-1 mutant worms. See table S1 for details. (D to F) Paxilline treatment of aged, but not young, worms improves motor activity in mid-late life, which
depends on SLO-1. (D) Paxilline treatment (10 nM) from early life (days 1 and 3) had no notable effect on age-dependent motor activity decline. (E) Paxilline (10 nM)
treatment in aged worms (starting from days 5 and 7) reduced the rate of age-dependent motor activity decline and improved motor activity in mid-late life. (F) The effect
of paxilline on motor aging depended on SLO-1, as no effect was detected in slo-7 mutant worms. (D) and (E) share the same WT curve. Error bars represent SEM. (G and
H) Bar graphs in (G) and (H) summarizing the data in (D) and (E), and (F) of aged (day 11) WT and slo-7 mutant worms, respectively. Error bars represent SEM. n > 15.

***P < 0.0005 (ANOVA with Dunnett’s test).

are formed between body wall muscles and ventral cord motor neu-
rons, which drive locomotion behavior (15). We quantified both the
frequency and amplitude of endogenous postsynaptic currents (PSCs).
The frequency of PSCs measures the frequency of neurotransmitter
release from presynaptic motor neurons and thus reports the func-
tional status of these neurons (2, 26). A decrease in this parameter
would indicate a functional decline in these motor neurons (2, 26).
On the other hand, the amplitude of PSCs is determined by both
postsynaptic muscle cells and presynaptic motor neurons (2, 26). We
found that the frequency of PSCs at NM]Js was markedly reduced in
aged worms (day 9) compared to young worms (day 3) (Fig. 6, A

Lietal., Sci. Adv. 2019; 5 : eaau5041 2 January 2019

and B), whereas the amplitude of PSCs in these two groups of worms
was similar to each other (Fig. 6, A and C). This result demonstrates
that motor neurons already underwent a functional decline in day 9
worms, while muscle cell receptors were functionally normal at this age,
consistent with our previous data (2). We did not record later stages
of worms, as muscle cells display functional deficits in older worms
(2), and it also becomes more technically challenging to record them
then. Neither the frequency nor the amplitude of PSCs in slo-1 mu-
tant worms showed a significant decrease in aged (day 9) worms
compared to young worms (day 3) (Fig. 6, D to F). These data indicate
that genetic ablation of slo-1 greatly reduced the rate of functional
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Fig. 6. Pharmacological inhibition of SLO-1 in aged worms promotes synaptic release from motor neurons at NMJs. (A) Synaptic release from motor neurons at
NMJs is greatly reduced in aged worms and paxilline inhibition of SLO-1 can promote such release in aged worms. Sample traces of endogenous PSCs recorded from NMJs
at the ventral nerve cord in young (day 3) and aged (day 9) worms with or without paxilline treatment (10 nM). Worms were treated with paxilline beginning at day 7, and
their NMJs were recorded at day 9. Membrane voltage was clamped at —60 mV during recording. (B and C) Bar graphs summarizing the data in (A). (B) Frequency of en-
dogenous PSCs. (C) Amplitude of endogenous PSCs. Error bars represent SEM. n > 7. **P < 0.005 (ANOVA with Dunnett’s test). (D) Motor neurons show robust synaptic
release at NMJs in aged slo-T mutant worms, and paxilline treatment is unable to promote synaptic release from motor neurons in these mutant worms. Sample traces of
endogenous PSCs recorded from NMJs at the ventral nerve cord in young (day 3) and aged (day 9) slo-1 worms with or without paxilline treatment (10 nM). Membrane
voltage was clamped at —60 mV during recording. (E and F) Bar graphs summarizing the data in (D). (E) Frequency of endogenous PSCs. (F) Amplitude of endogenous

PSCs. Error bars represent SEM.n > 7.

aging in motor neurons at NMJs, revealing a potential mechanism
by which SLO-1 modulates aging.

Pharmacological blockade of SLO-1 promotes synaptic
release from motor neurons at NMJs in aged worms

Last, we examined the effect of paxilline treatment on synaptic
transmission at NMJs in aged worms, given that pharmacological
inhibition of SLO-1 by paxilline slows motor aging and extends life
span. We found that the frequency of PSCs in aged worms treated
with paxilline was much higher than that in untreated worms (Fig. 6,
A and B). In contrast, the amplitude of PSCs was unaltered by pax-

Lietal., Sci. Adv. 2019; 5 : eaau5041 2 January 2019

illine in these worms (Fig. 6, A and C). Thus, paxilline treatment
greatly enhanced synaptic release from motor neurons while hav-
ing no notable effect on postsynaptic muscle cell receptors. As a
control, paxilline treatment had no effect on the frequency or am-
plitude of PSCs at NMJs in slo-1 mutant worms (Fig. 6, D to F).
Thus, the effect of paxilline depends on SLO-1, consistent with the
view that paxilline targets SLO-1 (25). These results demonstrate
that pharmacological blockade of SLO-1 can promote synaptic re-
lease from motor neurons at NM]Js in aged worms, suggesting a po-
tential mechanism underlying paxilline-induced beneficial effects
on aging.
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DISCUSSION

Age-dependent motor activity decline is a prominent feature of nor-
mal aging (I). Motor deficits represent one of the main risk factors
for falling in elderly humans, which leads to injury and mortality
(8, 9). It would be beneficial to delay or slow motor aging to improve
the quality of life and, ideally, to extend life span. This, however, has
remained a challenge. In the present study, using C. elegans as a
model, we showed that genetic and pharmacological targeting of
SLO-1 in aging motor neurons at NMJs can slow motor aging and
promote longevity.

We found that SLO-1 acts in motor neurons to mediate its func-
tion in aging. SLO-1 dampens synaptic release from motor neurons
at NMJs (14). As genetic knockdown and pharmacological blockade
of SLO-1 in aged worms slow motor aging and extend life span, these
results suggest that the reduced synaptic release from aged motor
neurons at NMJs may contribute to the observed motor deficits in
mid-late life. This set of data identifies synaptic transmission at NM]Js
in aging worms as a potential site for intervention to promote health
span and life span. Our results also raise the possibility that other
neuronal proteins with a function similar to SLO-1 in synaptic trans-
mission at NMJs may also be targeted genetically and pharmacolog-
ically to slow motor aging and extend life span.

One interesting observation is that blunting the function of SLO-1
in aged, but not young, worms slows motor aging and extends life
span. In addition, slo-1 mutant worms, although maintaining a higher
motor activity in mid-late life, have a lower motor activity than WT
worms in early life. These observations suggest that SLO-1 may play
an important role in motor functions in early life. In this case, blunt-
ing its activity in early life would not be beneficial for motor func-
tions or life span. The transgenes, which rescue the motor aging
phenotype observed in mid-late life of slo-1 mutant worms, are un-
able to rescue the lower motor activity phenotype in their early life,
indicating that the functions of SLO-1 in the motor system in early
and mid-late life are likely to be mediated by distinct mechanisms.
These findings reveal a complex role of SLO-1 and perhaps NM]Js in
motor aging and longevity, underscoring that timing is an impor-
tant factor for consideration when designing strategies to modulate
aging. Future work is needed to delineate the detailed mechanisms
underlying the differential roles of SLO-1 in aging in early versus
mid-late life. In summary, our results identify a molecular target
(i.e., SLO-1), a potential site (i.e., motor neurons at NMJs), and tim-
ing (i.e., aged, but not young, worms) for genetic and pharmacolog-
ical interventions to influence motor aging and life span.

We found that SLO-1 regulation of motor aging and life span
requires the FOXO transcription factor DAF-16, a master regulator
of aging. While SLO-1 acts in motor neurons, DAF-16 functions in
both the intestine and neurons and primarily in the intestine, re-
vealing a cell nonautonomous mechanism. Currently, it is not clear
exactly how SLO-1 in motor neurons signals DAF-16 in the intes-
tine cell nonautonomously. Presumably, it may do so through inter-
cellular signaling molecules. These brain-gut communications have
recently been reported to underlie a number of longevity pathways
(27-30). We found that loss of slo-1 cannot extend the life span of
those neurotransmission mutants that fail to secrete signaling mol-
ecules (e.g., unc-31 and unc-13 mutants; fig. S7, A and B). Future
studies may help to elucidate the detailed mechanisms.

BK channels are evolutionarily conserved (31). Upon activation,
mammalian BK channels also dampen neuronal excitability and
synaptic transmission (31). Mammalian BK channels may become
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overly activated under pathophysiological conditions (32, 33). For
example, BK channel overactivation leads to depression of synaptic
transmission in the early stage of Alzheimer’s disease (AD) in a
mouse model and has thus been suggested to contribute to the pro-
gression of AD (34). Notably, such a symptom can be mitigated by
BK channel blockers such as paxilline (34). Reactive oxygen species
(ROS) can potentiate BK channel activity in mice (32, 33). As ROS
accumulate during aging, redox modulation of BK channels has been
suggested as a potential mechanism underlying age-related loss of
brain functions in mice (32, 33). Similar to slo-1 mutant worms, BK
channel knockout mice are viable and display mild phenotypes in
motor functions at young ages (35, 36); nevertheless, older knock-
out mice were not examined for motor functions, nor was their life
span. The fact that BK channels play a modulatory rather than es-
sential role in neuronal excitability and synaptic transmission offers
an advantage for targeting these channels for potential therapeutic
interventions. Our results would encourage researchers to examine
the role of BK channels in aging in mammals.

MATERIALS AND METHODS

Strains and molecular genetics

WT: N2. TQ6025: slo-1(js379) 6x outcrossed. TQ9085: slo-1(ky389).
TQ6361: xuEx2210[Prgef-1::slo-1::SL2::CEP]; slo-1(js379). TQ6360:
xuEx2209[Pmyo-3::slo-1:SL2:CFP]; slo-1(js379). TQ6366: xuEx2215[Posm-6::
slo-1::SL2::CFPJ; slo-1(js379). TQ6368: xuEx2217[Pacr-2::slo-1::s12::
CFP+Punc-25::slo-1::SL2::CFP]; slo-1(js379). TU3401: uls69 [pCFJ90
(myo-2p::mCherry) + unc-119p::sid-1]; sid-1(pk3321). TQ1654: daf-
16(mgDF47). TQ8062: slo-1(js379); daf-16(mgDF47). TQ8063:
xuEx2463[Pges-1::daf-16::s12::mCherry]; slo-1(js379); daf-16(mgDF47).
TQ8673: xuEx3190[Prgef-1::daf-16::s12::mCherry]; slo-1(js379); daf-
16(mgDF47). TQ8888: xuEx3168[Pmyo-3::daf-16::s12::mCherry];
slo-1(js379); daf-16(mgDF47). TQ2620C: slo-1(js379);mulS84[Psod-3::
gipl. TJ356: zIs356[daf-16::gfp + rol-6]. TQ2617C: slo-1(js379); zIs356[daf-
16:gfp + rol-6]. TQ6697: age-1(hx546). TQ9084: age-1(hx546); slo-
1(js379). TQ2548C: daf-2(e1368). TQ2615C: daf-2(e1368); slo-1(js379).
TQ2178: unc-13(e51). TQ2622C: unc-13(e51); slo-1(js379). TQ1280:
unc-31(e169). TQ2616C: unc-31(el69); slo-1(js379).

For the experiments involving transgenes, the plasmid DNA was
injected at a concentration of 50 ng/ul. Three independent trans-
genic lines were tested to confirm the results. slo-1a cDNA was
cloned by reverse transcription polymerase chain reaction from total
RNA isolated from WT (N2) worms. The expression of the trans-
gene was verified by cyan fluorescent protein or mCherry expres-
sion, which is driven by SL2 from the same transcript.

Behavioral assay

Worms were cultured on NGM (nematode growth medium) plates.
Locomotion assays were performed every other day throughout life
span at 20°C under a relative humidity of ~35% using a WormLab
system (MBF Bioscience), as described previously (37). A thin layer
of freshly grown OP50 bacteria was spread on assay plates 10 min
before recording. Worms were tracked every other day throughout
life span. Images were recorded under a Nikon 60-mm micro lens
(Nikon Inc.) and an AVT Stingray F-504B digital camera (Allied
Vision Technologies) for 10 min. For consistency, the last 3.5 min
of video clips were used for analyzing locomotion speed using soft-
ware from WormLab (MBF Bioscience). Specifically, to quantify the
mean locomotion speed, the travel distance of the centroid of the worm
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(in micrometers) was divided by the entire duration of the recorded
video clip (in seconds). To test the effect of paxilline (catalog no.
35417, Sigma-Aldrich) on locomotion, paxilline was spread on NGM
plates 1 day before the experiment. The working concentration of
paxilline was 10 nM unless specified otherwise.

For the experiments involving RNAi, empty vector L4440 and
RNAi plasmids were transformed into OP50(xu363), an RNAi-
compatible OP50 bacterial strain (38). As described previously (38),
RNAI bacteria were cultured for 24 hours at 37°C in LB with car-
benicillin (100 pg/ml) by picking freshly streaked single colonies
and then diluted into fresh LB [with carbenicillin (100 ug/ml)] and
cultured for a few hours to reach the ODgq (optical density at 600 nm)
value of 0.5 to 0.6. Then, isopropyl-B-D-thiogalactopyranoside
(IPTG) (200 pM) was added to the culture to grow for four more
hours, followed by seeding on NGM plates containing carbenicillin
(25 pg/ml) and 1 mM IPTG 2 days before experiment.

Life-span assay

Life-span experiments were performed at 20°C, as previously de-
scribed (27, 39). Worms were age synchronized by picking L4 her-
maphrodites, and the next day was scored as day 1. Each worm was
scored for viability every day, and the worms that crawled off the
plate, exploded, or bagged were censored at the time of the event. The
life-span data were processed using the Prism 7 and SPSS Statistics
software. P values were calculated with the log-rank (Kaplan-Meier)
method and Cox proportional hazard regression, as indicated. RNAi
experiments were done using OP50(xu363), an RNAi-compatible
OP50 bacterial strain, as described above and previously (38). The
detailed life-span data were described in table S1.

Electrophysiology

Whole-cell patch-clamp recordings were carried out as described
previously on an upright microscope (BX51WI) with an EPC 10 am-
plifier (2, 40). Worms were immobilized and dissected on a Sylgard-
coated coverglass to expose muscles. Bath solution contained 145 mM
NaCl, 2.5 mM KCI, 5 mM CaCl,, 1 mM MgCl,, 20 mM glucose, and
10 mM Hepes (320 mOsm; pH adjusted to 7.3). Pipette solution
contained 115 mM KCl, 15 mM KOH, 1 mM MgCl,, 10 mM Hepes,
0.25 mM CaCl,, 20 mM sucrose, 5 mM EGTA, 5 mM Na,ATP, and
0.5 mM NaGTP (315 mOsm; pH adjusted to 7.2). Series resistance
and membrane capacitance were both compensated during record-
ing. Voltage was clamped at —60 mV.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/5/1/eaau5041/DC1

Fig. S1. slo-1 mutant worms exhibit slower locomotor activity decline throughout life span.
Fig. S2. slo-1 gain-of-function mutation greatly shortens life span.

Fig. S3. DAF-16 target gene expression and DAF-16 nuclear translocation in slo-7 mutant
worms.

Fig. S4. slo-1 and IIS act in parallel to regulate life span.

Fig. S5. Expression of daf-16 cDNA in the muscle fails to rescue the daf-16 mutant phenotype.
Fig. S6. The effects of different concentrations of paxilline on life span and motor aging.

Fig. S7. Loss of slo-1 does not extend the life span of mutants defective in neurotransmission.
Table S1. Summary of life-span data.
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