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SUMMARY

Aging is the greatest risk factor for a number of neuro-
degenerative diseases, such as Alzheimer’s and Par-
kinson’s disease. Furthermore, normal aging is asso-
ciated with a decline in sensory, motor, and cognitive
functions. Emerging evidence suggests that synapse
alterations, rather than neuronal cell death, are the
causes of neuronal dysfunctions in normal aging and
in early stages of neurodegenerative diseases. How-
ever, little is known about themechanisms underlying
age-related synaptic decline. Here, we uncover a
surprising role of the anterograde molecular motor
UNC-104/KIF1A as a key regulator of neural circuit
deterioration in aging C. elegans. Through analyses
of synapse protein localization, synaptic transmis-
sion, andanimal behaviors,wefind that reduced func-
tion ofUNC-104acceleratesmotor circuit dysfunction
with age, whereas upregulation of UNC-104 signifi-
cantly improves motor function at advanced ages
and also mildly extends lifespan. In addition, UNC-
104-overexpressing animals outperform wild-type
controls in associative learning and memory tests.
Further genetic analyses suggest that UNC-104 func-
tions downstream of the DAF-2-signaling pathway
and is regulated by the FOXO transcription factor
DAF-16, which contributes to the effects of DAF-2 in
neuronal aging. Together, our cellular, electrophysio-
logical, and behavioral analyses highlight the impor-
tance of axonal transport in the maintenance of
synaptic structural integrity and function during aging
and raise the possibility of targeting kinesins to slow
age-related neural circuit dysfunction.

INTRODUCTION

Both genes and environmental cues affect lifespan [1], and

increasing evidence suggests that different tissues decline
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through distinct mechanisms [2]. Neurons are particularly vulner-

able to the aging process, given their long lifespan, lack of cell

renewal, and high degree of complexity [3].

Progressive neuronal dysfunction during normal aging is

associated with a number of subtle changes at the functional

and morphological levels, rather than the loss of neuronal

cells [4]. For example, in aged mice and C. elegans, a subset

of motor neurons exhibit abnormal sprouting of neurite branches

and synapse deterioration, correlating with age-associated

motility decline [5–8]. Moreover, changes in synapse density

andmorphology are closely associated with the degree of cogni-

tive impairment in aged primates [9, 10], as well as cognitive

decline in aged rats [11] and retinal defects in old mice [12]. At

the cellular and molecular level, the decline of synaptic function

during aging involves various aspects of synapse biology,

including changes in synapse structure [8], changes of lipid

and protein components of synaptic vesicles (SVs) [13, 14],

and defects in synaptic release [15] and axonal transport

[16, 17]. Whereas these findings emphasize the importance of

dissecting cellular and molecular events in aging synapses that

contribute to age-associated neural dysfunction, the multitude

of age-dependent synapse changes poses difficulties for the

development of therapeutic interventions. Therefore, it is critical

to identify key components in the maintenance of neuronal func-

tion with age.

Furthermore, maintenance of neuronal activity is also critical

for the maintenance of non-neuronal tissue functions and

longevity. For instance, neuronal activation of the unfolded

protein response (UPR) extends C. elegans lifespan [18] and

improves metabolic homeostasis in mice [19]. In addition,

neuronal function of the FOXO transcription factor DAF-16 con-

tributes to lifespan regulation in C. elegans [20]. However, the

underlying molecular mechanisms by which these lifespan-

and homeostatic- regulatory pathways affect neuronal functions

remain unclear.

To gain further understanding of the mechanisms that deter-

mine synaptic functions during aging, we performed candidate

gene screens to identify regulators of synaptic function in motor

neurons of aging C. elegans. We found that the anterograde ki-

nesin motor UNC-104/KIF1A is a critical regulator of aging-asso-

ciated neural circuit dysfunction. UNC-104 is required for the
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Figure 1. UNC-104 Modulates DA9 Synapse Distribution with Age

(A) C. elegans undergoes aging-associated motility decay. The solid black curve is drawn according to the y axis on the left, representing the percentage of

animals that remain alive at a particular age (x axis), and the gray bars are drawn according to the y axis on the right, representing the body bends behavior of an

animal at a certain age.

(legend continued on next page)
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protective effects of insulin/IGF signaling (IIS) pathway downre-

gulation in the maintenance of learning and memory as well as

motor activity with age. These findings provide the first informa-

tion about possible neuronal targets that mediate the protective

effects of insulin signaling in neural circuit functions during aging

and highlight the unexpected role of axonal transport as a poten-

tial target for pharmaceutical interventions in the maintenance of

health span.

RESULTS

UNC-104 Modifies Age-Dependent Changes in SV
Distribution
Motility decline is one of the most-prominent functional declines

in aging animals. Consistent with previous reports [21–23], we

found that the motor activity of aging worms gradually declines.

For example, 18-day-old (day 18) animals had severe motility

defects compared with young (day 1) adults, as indicated by

reduced body bend movements in liquid medium (Figure 1A).

Recent studies in aged mammals and worms have suggested

that this age-associated motility decay results from synapse

alterations at neuromuscular junctions (NMJs) [8, 15], although

the underlying molecular pathways are not well understood.

To explore the cellular and molecular basis of synapse aging,

we examined the synapse morphology in the DA9 motor neu-

rons, which form approximately 25 en passant presynaptic spe-

cializations within a discrete and stereotyped location along its

axon (Figure 1B). Our previous studies showed that the DA9 syn-

apses can be reliably labeled by GFP-tagged SV proteins such

as RAB-3 [24] (Figures 1B and 1C). Aging wild-type animals

display gradually reduced SV density in the DA9 presynaptic re-

gion and ectopic accumulation of synaptic vesicle proteins such

as RAB-3 and SNB-1 in the dendritic and asynaptic axonal re-

gions (Figures 1C, 1F, 1G, and S1A–S1C). These observations

suggest that presynaptic integrity is compromised in the motor

neurons of aging C. elegans.

We next performed a small-scale candidate screen to identify

presynaptic-related mutants that show enhanced DA9 synapse

defects during aging. From this screen, we identified two

molecules that affect SV transport: the anterograde molecular

motor for SV transport UNC-104/KIF1A and its regulator, a

small GTPase ARL-8 [25], both emerged as modulators of

synapse decline during aging. ARL-8 is a SV-bound small

GTPase that binds to and activates UNC-104 to promote synap-

tic vesicle and active zone protein trafficking [25]. The weak loss-

of-function mutant unc-104 allele wy711 showed a low-pene-

trance RAB-3 mislocalization phenotype on day 1 of adulthood

(day 1), where RAB-3 proteins were ectopically localized to asyn-

aptic regions and dendrites. Both the severity and penetrance of
(B) A schematic showing the morphology and synaptic pattern of the C. elegans

(C–E) Confocal microscopy images of the GFP::RAB-3 distribution in DA9 neuro

(C) Aging is associated with a decrease of SV puncta in the presynaptic region a

(D) The unc-104 loss-of-function allele wy711 does not affect the synapse distrib

(day 12, middle; day 18, right).

(E) Overexpression of UNC-104 with a pan-neuronal promoter Prab-3 strongly s

(F) Quantification of the RAB-3 puncta density.

(G) Quantification of the population of the worms that develop ectopic accumula

*p < 0.05; **p < 0.01; ***p < 0.001. One-way ANOVA, with post-test: Tukey’s multip

Figures S1 and S2.
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this phenotype were dramatically enhanced by day 12, to a

level significantly higher than the day 12 wild-type animals

(Figures 1D–1G). We also observed a similarly exacerbated

RAB-3 mislocalization phenotype in aging heterozygous mu-

tants of a strong loss-of-function unc-104 allele e1265

(e1265/+; Figures S1D, S1E, S1G, S1H, and S1J). Similar to

unc-104 mutants, partial loss of function of ARL-8 also showed

an age-dependent enhancement of the SV mislocalization

phenotype (Figures S2F, S2I, and S2J). Thus, reduction of

UNC-104 activity, either due to the loss-of-function mutation in

itself or in its activator ARL-8, greatly accelerates aging-associ-

ated SV mislocalization.

To test whether aging-associated synapse alterations are spe-

cifically affected by SV trafficking defects, we examined a num-

ber of mutants in which other aspects of synapse development

or functions are affected. These include presynapse assembly

mutants syd-2/liprin-a (ju37) [26] and nab-1/neurabin (ok943)

[27]; synaptic transmission mutants unc-10/rim(e102) [28], unc-

57/endophilin (ok310) [29, 30], and unc-11/AP180(e47) [31];

and synaptic patterning mutants in the Wnt-signaling pathway:

dsh-1/disheveled (ok1445) and lin-44(n1792) [24]. None of these

mutants showed changes in RAB-3 localization patterns be-

tween day 1 and day 12 (data not shown). These observations

suggest that UNC-104-regulated SV transport deteriorates dur-

ing aging and contributes to age-associated synapse abnormal-

ities. Strikingly, overexpression of UNC-104 with a pan-neuronal

promoter (Prab-3) rescued the ectopic localization of SV proteins

in aging wild-type animals, suggesting that the age-dependent

neuronal phenotype is due to a reduction of UNC-104 function

(Figures 1E–1G). In addition to DA9 neurons, aging-associated

synapse loss in other motor neurons such as cholinergic DB

and GABAergic DD neurons was also modulated by UNC-104

dosage and can be rescued cell autonomously (Figure S2;

data not shown), indicating that UNC-104 regulates synapse ag-

ing broadly. These observations suggest that UNC-104-regu-

lated SV transport deteriorates during aging and contributes to

age-associated synapse phenotypes.

UNC-104 Mediates Age-Dependent Motor Function
Decline by Regulating Presynaptic Transmission
We next asked whether the unc-104-dependent SV trafficking

phenotype is relevant for age-related behavioral declines. As

described previously [32], we found that worm thrashing activity

declined in an age-dependent manner. Furthermore, mutants

of UNC-104 (wy711 and e1265/+) exacerbated this decline of

motility with age (Figure 2A). By contrast, overexpression of

UNC-104 in neurons either from a pan-neuronal promoter or

from the endogenous UNC-104 promoter significantly rescued

the thrashing defects of aged worms (Figures 2A and S3B).
DA9 neuron. A, anterior; D, dorsal.

ns. The scale bar represents 20 mm.

nd ectopic accumulation in the dendrite (arrows) and asynaptic regions.

ution in d1 worms (left) but exacerbates the synapse changes in aged worms

uppresses the aging-associated synapse changes in wild-type backgrounds.

tion of RAB-3 in the dendrite.

le comparison in (F), chi-square test in (G). The error bars stand for SD. See also

605–615, March 7, 2016 ª2016 Elsevier Ltd All rights reserved 607



Figure 2. UNC-104 Modulates Aging-Associated Motility Decay

(A) Worm motility decline is enhanced in unc-104 lof mutant but mitigated in

UNC-104 overexpression backgrounds. Total number analyzed was day 1: 15

(wild-type), 9 (unc-104(wy711)), 7 (unc-104(e1265/+)), 7 (Prab-3::unc-104);

day 12: 36 (wild-type), 20 (unc-104(wy711)), 23 (unc-104(e1265/+)), 28 (Prab-

3::unc-104); and day 18: 25 (wild-type), 15 (unc-104(wy711)), 17 (unc-

104(e1265/+)), 21 (Prab-3::unc-104).

(B) UNC-104 improves the motility defect at advanced ages (d21) and has

similar protective functions when expressed in motor neurons (Punc-17 +

Punc-47). Total animals analyzed were day 18: 25 (wild-type), 16 (Prab-3::unc-

104 line no. 1), 16 (Prab-3::unc-104 line no. 2), and 13 (motor neuron::unc-

104);*p < 0.05; **p < 0.01; ***p < 0.001. One-way ANOVA.

(C) UNC-104-overexpressing animals are more active at d21. (Upper panel)

Representative images of the locomotion traces left on the bacterial lawns in

3 hr are shown. (Lower panel) Locomotion trajectories are shown. The aster-

isks mark the starting points where animals are placed on the plates.

(D) Quantification of the total distance the worms moved in 3 hr. Total animals

analyzed were 13 (wild-type) and 15 (Prab-3::unc-104 line no. 2). ***p < 0.001.

Unpaired Student’s t test.

The error bars stand for 95% confidence intervals (CIs). See also Figure S3.
This improvement in motility is especially dramatic at advanced

ages (days 18 and 21).

To identify the neurons in whichUNC-104 functions to regulate

motility decline, we expressed UNC-104 in different combina-

tions of motor neurons that directly synapse onto muscles (Fig-

ure S3A). Expression of UNC-104 in all of the six classes of motor

neuron had protective effects that were similar to pan-neuronal
608 Current Biology 26, 605–615, March 7, 2016 ª2016 Elsevier Ltd
expression of UNC-104 (Figure 2B), whereas expressing UNC-

104 in the cholinergic or GABAergic neurons alone had no

beneficial effects (Figure S3B). Furthermore, we found that

UNC-104-overexpressing animals showed not only improved

swimming behaviors but also enhanced motility on solid plates

(Figures 2C and 2D).

To test the specificity of the protective effects of UNC-104with

age, we asked whether mutations that cause hyperactive behav-

iors or affect other components of the SV transport pathways

also improve motility at advanced ages. Unlike strains overex-

pressing UNC-104, hyperactive mutants such as diacylglycerol

kinase theta (dgk-1(nu62)) and the G protein alpha subunit Go

(goa-1(sa734)) showed exacerbated motility defects in aged

worms (Figure S3C). In addition, reduced function of DHC-1

(dhc-1(or195ts)), a component of the cytoplasmic dynein com-

plexes that antagonizes the anterograde trafficking of SVs medi-

ated by UNC-104 [33], caused mild motility defects in young

adults (day 1). However, this defect did not change with age,

suggesting that reduced function of DHC-1 does not affect the

age-associated motility decline (Figure S3D). Together, these re-

sults highlight a specific role of UNC-104 in motor neurons in the

maintenance of presynaptic integrity and motor circuit function

with age.

To directly test whether UNC-104 modulates synaptic trans-

mission during aging, we recorded synaptic currents at the

NMJs of various genotypes at different ages by patch-clamp.

Our previous studies showed that, during aging, the wormmotor

circuit first developed a presynaptic defect in synaptic transmis-

sion in early–mid ages (days 7–12), as indicated by a decrease in

the frequency of spontaneous post-synaptic currents (PSCs)

[15]. This is followed by body-wall muscle deterioration in the

mid–late ages (�day 12). Reduced function or upregulation of

UNC-104 did not affect the frequency or the amplitude of spon-

taneous PSCs or the amplitude of evoked PSCs in day 1 adults,

suggesting that synaptic transmission is not affected by these

manipulations of UNC-104 dosage in young animals (Figures

3A–3D and S4). At days 12 and 16, wy711 mutation further

reduced the frequency of spontaneous PSCs and the amplitude

of evoked responses, whereas UNC-104-overexpressing ani-

mals showed an increased frequency of spontaneous PSCs

and increased amplitude of evoked responses compared to

wild-type of the same ages (Figures 3A–3D). These effects of

UNC-104 are likely to be caused by changes in presynaptic func-

tion, because the amplitude of spontaneous PSCs was not

affected in unc-104 mutants at days 12 or 16 compared to

wild-type (Figure 3D). Together with the motor neuron rescue

data, these results support the notion that reduced presynaptic

function in motor neurons is primarily responsible for the motor

defects observed in aging worms. Furthermore, upregulation of

UNC-104 is sufficient to improve the presynaptic structural

integrity and function in aged animals.

UNC-104 Activity Is Downregulated with Age
To further understand the mechanisms by which UNC-104 alter-

ations affect neuronal function, we next examined the steady-

state level of UNC-104 mRNA in young (day 1) and aged (days

5 and 12) animals. Unc-104 mRNA at the whole-organism level

remains similar between young and older worms (Figure 7A),

suggesting that aging does not affect UNC-104 at the mRNA
All rights reserved



Figure 3. UNC-104 Regulates Synaptic Transmission in Aged
Worms

(A) Representative traces of spontaneous PSCs recorded from the NMJs at the

ventral nerve cord. Membrane voltage was clamped at �60 mV during the

recording.

(B) Quantification of the frequency of spontaneous PSCs.

(C) Quantification of the amplitude of evoked PSCs.

(D) Quantification of the amplitude of spontaneous PSCs.

*p < 0.05; **p < 0.01; one-way ANOVA, with post-test: Tukey’s multiple com-

parison. Total animals analyzed: day 1: 17 (wild-type), 17 (unc-104(wy711)), 16

(Prab-3::unc-104); day 12: 10 (wild-type), 12 (unc-104(wy711)), 12 (Prab-3::

unc-104); day 16: 10 (wild-type), 10 (unc-104(wy711)), 10 (Prab-3::unc-104);.

The error bars stand for 95% CIs. See also Figure S4.
level. Next, we used a Punc-104::unc-104::mCherry transgene

to examine the level and localization of UNC-104 protein in

young and old (days 12 and 18) worms. The ventral nerve cord

(VNC) is composed of axons, dendrites, and cell bodies from

�80 different neurons, whereas the dorsal nerve cord (DNC) pri-

marily contains axons from the motor neurons. Interestingly, the

UNC-104::mCherry signal is specifically decreased in the DNC,

but not VNC, of day 12 and day 18 animals compared to that

of day 1, indicative of compromised UNC-104 activity and kine-

sin motor’s failure to travel to distal axons with age (Figures 4A–

4C and 4G). We also measured the control fluorescent signal of

Punc-104::myrgfp and found no difference between young and

old worms in either DNC or VNC (Figures 4D–4F and 4H). These

results suggest that neither the Punc-104 promoter activity nor

the general translation processes is affected by aging. Further-

more, there is unlikely a dramatic loss of axons in the aging

DNC, consistent with previous reports [7]. In addition, we also

examined the UNC-104 protein localization by analyzing the ef-

fects of age on a UNC-104::GFP reporter expressed specifically
Current Biology 26,
in the cholinergic DA9 neuron. Consistent with the results

observed in the DNC, we found that presynaptic localization of

UNC-104::GFP is decreased in day 12 animals compared to

day 1 animals, whereas the control DsRed intensity is increased

over time (Figure S5). These results suggest that aging specif-

ically reduces the activity, but not the overall level, of UNC-104

mRNA or protein.

To further understand the effects of aging on UNC-104-medi-

ated SV transport, we next examined the dynamics of SV move-

ment in DA9 neuron in aged animals. Compared with day 1

adults, day 8 and day 12wild-type adults displayed slower anter-

ograde trafficking speed of synaptic vesicle markers (Figures

S6A, S6D, and S6E). In UNC-104-overexpressing animals, this

age-dependent decline is absent, suggesting that the dosage

of UNC-104 in aging animals might be responsible for the reduc-

tion of transport speed. Consistent with previous findings [25],

although unc-104(wy711) mutants do not have obvious SV distri-

bution defects at day 1, the speed of anterograde trafficking is

already severely reduced (Figures S6B, S6D, and S6E). Although

the speed defect of unc-104(wy711) is not exacerbated by age,

the total anterograde moving events are reduced by day 12,

which may contribute to the exacerbation of synapse abnormal-

ities in wy711 mutants with age (Figure S6F). These results

further suggest that UNC-104 activity is gradually decreased

over age, which leads to defective SV trafficking over time and

eventually causes synaptic dysfunction.

UNC-104 Regulates the Age-Related Decline of
Learning and Memory
To understand whether the effects of UNC-104 in neuronal

aging extend to other neural circuits in addition to motor cir-

cuits, we next assessed learning and memory behaviors of

unc-104(wy711) mutant and overexpression animals at dif-

ferent ages (Figure 5A). We previously found that, similar to

Drosophila, mice, and other higher organisms [3], C. elegans’

associative learning and memory also decline with age; this

happens at a much-faster rate than many other types of ag-

ing-associated neuronal dysfunctions [34, 35]. For example,

unlike chemotaxis (Figures 5B and 5C, naive) and motility be-

haviors, which remain intact during the first 7 days of adulthood,

long-term associative memory (16 hr) declines as early as day 4

in wild-type animals [34]. Short-term memory (2 hr) becomes

defective with age as well [34]. Because short-term memory re-

quires translation [36] (likely at the synapse) rather than CREB-

dependent transcription as in long-term memory [34, 36], we

explored the impact of UNC-104 dosage on short-term memory

and its maintenance with age by examining day 1 and day 4

animals when short-term memory of wild-type animals have

not severely deteriorated.

UNC-104 alterations did not affect the naive (untrained)

chemotaxis behaviors of day 1 or day 4 adults (Figures 5B and

5C, naive), suggesting that the primary functions of sensory

and interneurons involved in this behavior are not affected.

Whereas reduced function of unc-104 did not affect learning

or memory, we found that overexpression of UNC-104 signifi-

cantly improved short-term memory, in both young and older

animals. On day 1, overexpression of unc-104 caused a slight

defect in learning (Figure 5B, 0 hr), which may be caused by

excessive expression of unc-104. However, it significantly
605–615, March 7, 2016 ª2016 Elsevier Ltd All rights reserved 609



Figure 4. The Steady-State Level of UNC-

104 Protein Decreases with Age

(A–F) Confocal images of UNC-104::mCherry in

the dorsal and ventral nerve cord, which are

labeled with myrGFP (D–F), in young (A and D) and

aged (B, C, E, and F) worms.

(G and H) Quantification of myrGFP and UNC-

104::mCherry fluorescence in young and old ani-

mals. The steady-state level of UNC-104::mCherry

is specifically decreased in the dorsal nerve cord in

aged animals. ***p < 0.001. Unpaired Student’s

t test. Total animals analyzed were day 1: 12, day

12: 14, and day 18: 17.

See also Figures S5 and S6.
increased short-term memory: the animals exhibited no decline

in chemotaxis by 2 hr post-training (Figure 5B, 2 hr). Overexpres-

sion of UNC-104 dramatically improved maintenance of short-

term memory on day 4, showing no decline at either 1 or 2 hr

post-training (Figure 5C). These results suggest that, similar to

UNC-104’s role in maintenance of motor function, upregulation

of UNC-104 alone is sufficient to improve the short-termmemory

of both young and aging animals.
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UNC-104 Functions Downstream of
DAF-2 in Regulation of Motility
Decline, Longevity, and Short-Term
Memory
We next investigated the interactions

of UNC-104 with other aging-regulatory

pathways. daf-2/insulin-IGF-1-like recep-

tor mutants reduce insulin signaling, sub-

sequently extending lifespan [37] and

improving maintenance with age, includ-

ing slowing age-associatedmotility decay

[37–39]. Although unc-104 alterations did

not affect the locomotory behaviors of

daf-2 up to 22 days, changes in unc-104

dosage did modulate motor activities of

daf-2 at later ages (days26–34; Figure 6A):

reduction of unc-104 reduced motility of

aged daf-2 mutants, whereas overex-

pression of unc-104 in daf-2 mutants

improvedmotility. Thus, the dosage effect

of unc-104 is extended to old animals in

the long-lived daf-2 mutants.

We also examined the effects of UNC-

104 on longevity. In contrast to their dra-

matic effects on age-associated motility

decline, unc-104 partial loss-of-function

alleles (wy711 or e1265/+) only had subtle

effects on lifespan (Figure 6B; Table S1).

By contrast, upregulation of unc-104 in

the wild-type background caused a sig-

nificant increase in lifespan, suggesting

that maintenance of neuronal function

during aging promotes longevity. The life-

span extension phenotype of UNC-104

upregulation is abolished in daf-16 mu-

tants (Figure 6B; Table S1) but is main-
tained in hsf-1mutants (Figure 6C). In addition, reduced function

of unc-104 did not affect the lifespan of daf-16 but strongly

enhanced the short lifespan phenotype of hsf-1 mutant (Figures

6C and 6D; Table S1). Together, these results suggest that unc-

104 functions in the same pathway as daf-16 in regulation of life-

span but independent of hsf-1. Moreover, in a daf-2 mutant that

is already long lived, overexpression of unc-104 only had a subtle

beneficial effect on the median lifespan (Figure 6D; Table S1).



Figure 5. Effects of UNC-104 Dosage Alter-

ations in Learning and Memory

(A) Schematic of the experimental procedure

of learning and short-term associative memory

assay.

(B and C) Upregulation of UNC-104 improves

short-term memory in both day 1 (B) and day 4 (C)

animals. *p < 0.05; **p < 0.01; ***p < 0.001. One-

way ANOVA. Total replicates were day 1: 15 (wild-

type), 15 (unc-104(wy711)), 15 (Prab-3::unc-104)

and day 4: 15 (wild-type), 15 (unc-104(wy711)), 15

(Prab-3::unc-104).
Together, these results suggested that unc-104 is an important

neuronal target of the insulin signaling pathway in the regulation

of aging-associated neuronal dysfunction and contributes to

longevity as well. Furthermore, whereas lifespan and tissue func-

tions are correlated, they can be distinct and separable pheno-

types during the aging process.

We next examined the potential interactions between UNC-

104 and DAF-2 in the regulation of learning and memory. daf-2

mutants extend short-term memory 3-fold in day 1 animals [34]

and slow age-related decline in short-term memory [34]. Inter-

estingly, we found that UNC-104 is required both for daf-2 mu-

tants’ improvement in learning and short-term memory on both

day 1 and day 5 (Figures 6E and 6F). These results are consistent

with the hypothesis that UNC-104 functions downstream of

DAF-2 to generate beneficial effects on short-term memory in

aged animals (Figure 6F, 1 hr). At the same time, we found

that, unexpectedly, unc-104 is also required for normal learning

and memory behaviors of day 1 daf-2 animals. It raised the pos-

sibility that reduced UNC-104 motor activity causes detrimental

effects on learning behavior. Remarkably, overexpression of

unc-104 extends short-term memory to more than 4 hr even in

day 5 animals, suggesting that the decline of short-termmemory

of daf-2 animals in young and older animals may be due to

reduction of UNC-104 function. Thus, UNC-104 functions as a

neural target that at least partially mediates the protective effects

of DAF-2 in the nervous system.

UNC-104 mRNA and Protein Is Maintained in daf-2

Mutants with Age
The above results, together with a recent study showing that

daf-2 ameliorates motor circuit function decline by affecting pre-

synaptic transmission [15], raise the possibility that unc-104

functions downstream of DAF-2 in the regulation of presynaptic

transmission during aging. Consistent with this hypothesis, we

found that the steady-state level of unc-104 mRNA is increased

in daf-2 mutants and to a much less degree in eat-2 mutants,

which regulate longevity through calorie restriction (Figure 7A).
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To further understand the downstream

pathways that regulate UNC-104, we

next examined the effects of several tran-

scription factors that function down-

stream of daf-2, including the FOXO tran-

scription factor DAF-16 [21, 40, 41], heat

shock factor HSF-1 [42], and oxidative

stress response factor SKN-1/NRF [13
43]. We found that daf-16;daf-2 double mutants showed a signif-

icant decrease of unc-104 mRNA levels compared to daf-2 mu-

tants at day 1, suggesting that DAF-16 mediates the effects o

daf-2 on unc-104 transcription. To examine whether other tran-

scription factors also regulate unc-104 expression, we analyzed

the unc-104 mRNA levels in triple mutants daf-16; skn-1; daf-2

and daf-16; hsf-1; daf-2. However, these triple mutants showed

similar UNC-104 mRNA levels compared to daf-16;daf-2 double

mutants (Figure 7A). We also found that unc-104 mRNA levels

remain higher in daf-2 animals than in wild-type with age

(day 5 and day 12), and this effect is abolished in daf-16;daf-2

mutants. Together, these results suggest that daf-2 regulates

the transcription of unc-104 primarily through daf-16 in aged

animals.

To further understand the mechanism by which daf-2 affects

UNC-104with age,we next examined the level and localization o

UNC-104 protein in aged daf-2 animals using unc-104::mCherry

as a readout. We found that the age-dependent decrease o

UNC-104::mCherry in DNC is less dramatic in daf-2 mutants

(days 12 and 18) compared to wild-type animals (Figures 7B–

7D and 7H), whereas the control fluorescence signal of myrGFP

in either DNC or VNC is not changed in daf-2 mutants with age

(Figures 7E–7G and 7I). Furthermore, consistent with the obser-

vation that UNC-104 is naturally upregulated in daf-2 mutants

we found that the distribution of DA9 synapses was maintained

in aged (day 18 and day 30) daf-2 animals (Figure S7). These

results suggest that UNC-104 activity is maintained better in

aged daf-2 mutants, which may contribute to improved motility

of daf-2 animals at later ages.

DISCUSSION

Aging Neurons Become More Susceptible to UNC-104
Dosage Alterations
In this study,wediscoveredanunconventional roleof theneurona

kinesin UNC-104/KIF1A as a key regulator of aging-associated

neural circuit decline in C. elegans. The UNC-104/KIF1A family



Figure 6. unc-104 Is Regulated by daf-16

and Modulates the Aging-Associated

Motility Decline of daf-2, Longevity, and

Short-Term Memory

(A) Alterations of unc-104 do not affect the

body-bend behaviors of daf-2 in early–mid

ages but regulate the further motility decline

in mid–late stages. Total animals analyzed

were day 1: 6 (daf-2), 7 (daf-2;unc-104), 8 (daf-2;

Ex[Prab-3::unc-104]); day 22: 7 (daf-2), 11 (daf-2;

unc-104), 7 (daf-2; Ex[Prab-3::unc-104]); day

26: 18 (daf-2), 18 (daf-2;unc-104), 16 (daf-2;

Ex[Prab-3::unc-104]); day 30: 21 (daf-2), 15

(daf-2;unc-104), 19 (daf-2; Ex[Prab-3::unc-

104]); day 30: 21 (daf-2), 15 (daf-2;unc-104), 19

(daf-2; Ex[Prab-3::unc-104]); and day 34: 20

(daf-2), 20 (daf-2;unc-104), 11 (daf-2; Ex[Prab-

3::unc-104]); *p < 0.05; **p < 0.01; ***p < 0.001.

One-way ANOVA. The error bars stand for

95% CIs.

(B–D) Lifespan analyses.

(B) Upregulation of unc-104 in the nervous system

causes medium extension of the lifespan of

wild-type worms, which is abolished in daf-16

mutants. Total animals analyzed were wild-type:

187, unc-104(wy711): 153, Prab-3::unc-104: 93,

daf-16(mu86): 254, daf-16;unc-104: 200, and daf-

16;Prab-3::unc-104: 109.

(C) Alterations of unc-104 still modify the short-

ened lifespan phenotypes of hsf-1. Total animals

analyzed were hsf-1(sy441): 244, hsf-1;unc-104:

194, and hsf-1; Prab-3::unc-104: 182.

(D) Alterations of unc-104 have subtle effects on

the long lifespan phenotypes of daf-2 mutants.

Total animals analyzed were daf-2(1370): 113,

daf-2;unc-104: 176, and daf-2; Prab-3::unc-104:

123. Log rank analysis.

(E and F) UNC-104 is required for the effects

of DAF-2 in the maintenance of short-term

memory in both day 1 (E) and day 5 (F) animals.

Upregulation of UNC-104 improves the short-

term memory of daf-2 animals at d5 (F). Total replicates were day 1: daf-2(1370): 8, daf-2;unc-104: 8, and daf-2; Prab-3::unc-104: 8 and day 5: daf-2(1370):

12, daf-2;unc-104: 12, and daf-2; Prab-3::unc-104: 12.*p < 0.05; **p < 0.01; ***p < 0.001. One-way ANOVA.

See also Table S1.
of kinesins specifically transports both SV precursors and active

zone proteins, the essential components for the presynaptic

specialization [44–46]. Because slight reduction of UNC-104

does not affect synapse development but exacerbates aging-

associated synapse defects at older ages, neurons may become

moresusceptible toUNC-104dosagealterationswith age. Aging-

related reduction of UNC-104 activity could be due to a reduction

of neural expression of UNC-104, a change of UNC-104 localiza-

tion, or decreasedUNC-104 activation. Because the steady-state

level of unc-104mRNA is not affected during aging at the whole-

organism level, aging may affect UNC-104 localization and/or

activation. Consistent with the latter possibility, we found that

the level of UNC-104mCherry is specifically decreased in the

axon-rich DNC in aged animals, but not VNC. These results sug-

gest that the aging process is likely to affect the motor activity of

UNC-104 and prevent its localization in the axons, thereby result-

ing in higher vulnerability of aged neural circuits. Consistent with

this hypothesis, kymograph analyses of SV trafficking of aged

animals revealed that the speed of anterograde trafficking, the
612 Current Biology 26, 605–615, March 7, 2016 ª2016 Elsevier Ltd
percentage of anterograde events, and the total number of anter-

ograde movements are decreased during aging, further suggest-

ing a decrease of the motor activity. In addition, a recent study

found that the synaptosome component phosphatidylinositol-

(4,5)-bisphosphate (PI(4,5)P2) is substantially reduced in hippo-

campal synaptic membranes in old mice, contributing to the

reduced cognition [14]. Interestingly, the binding between SV

PI(4,5)P2 to the PH domain of UNC-104 is required to activate

the motor and initiate the vesicle transport [47]. Thus, the UNC-

104 protein activity may also be decreased in aged animals

because of altered lipid metabolism on synaptic vesicle cargoes.

UNC-104 Slows Down the Age-Dependent Deterioration
of Neural Circuit Function and Is Required for the
Protective Effects of DAF-2
Remarkably, increasing the dosage of unc-104 can significantly

slow aging-associated synapse dysfunction, as well as motility

decline and the loss of short-term memory. These results sug-

gest that UNC-104 is one of the critical rate-limiting factors for
All rights reserved



Figure 7. UNC-104mRNAandProtein IsMaintained in daf-2Mutants

with Age

(A) qRT-PCR analyses of the unc-104 mRNA levels. The steady-state level of

unc-104 mRNA is increased in daf-2 mutants and partially suppressed in daf-

16;daf-2 and daf-16;skn-1;daf-2 mutants. The number of replicates are indi-

cated on the corresponding bars on the chart. *p < 0.05; **p < 0.01; ***p <

0.001. One-way ANOVA. The error bars stand for SD.

(B–G) Confocal images of UNC-104mCherry (B–D) in the dorsal and ventral

nerve cord of daf-2 mutants, which are labeled with myrGFP (E–G), in young

(day 1) and aged (days 12 and 18) worms.

(H and I) Quantification of myrGFP and UNC-104mCherry fluorescence in

young and old daf-2 animals compared to wild-type. The age-associated

decrease of UNC-104 in DNC is mitigated in daf-2 mutants. Total animals

analyzed were daf-2: day 1: 13, day 12: 9, and day 18: 12. ***p < 0.001. Un-

paired Student’s t test.

See also Figure S7.
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synaptic aging. It is possible that upregulation of UNC-104 pre-

serves synapse function by promoting the transport of SV pre-

cursors and active zone proteins during aging. Interestingly,

we also found that UNC-104-overexpressing animals behave

similarly to daf-2mutants in themaintenance of short-termmem-

ory and motility and that UNC-104 is required for the protective

effects of DAF-2 in these behavioral tests. In addition, aged

daf-2 mutants have higher levels of unc-104 mRNA and UNC-

104 protein in motor neuron axons than the wild-type animals,

suggesting that UNC-104 protein is maintained at both the

mRNA and protein levels in aged daf-2 mutants. These results

raise the possibility that UNC-104 functions downstream of the

DAF-2-signaling pathway in mediating the beneficial effects in

aging neurons, although other cellular factors are likely to

contribute daf-2 effects as well, because unc-104 manipulation

did not show an effect until 26 days in daf-2 mutants.

Consistent with this hypothesis, UNC-104 mRNA is upregu-

lated in daf-2 mutants, which is partially suppressed by loss of

function of the FOXO transcription factor daf-16 in day 1 ani-

mals and completely abolished by a daf-16 mutation in day 5

and day 12 animals. These results suggest that unc-104 is

specifically regulated by DAF-16 at the transcriptional level

during aging. Sequence analyses of the unc-104 promoter re-

gion identified two potential DAF-16-binding sites: TTGTTTAC

[48] and GTAAATA [49], at positions of �1,420 b.p. and �3,835

b.p., respectively, raising the possibility that UNC-104 might

be a direct target of DAF-16. However, genome-wide chro-

matin profiling (modENCODE database) [50] did not report

DAF-16 binding directly to these regions. Thus, whether

UNC-104 is directly regulated by DAF-16 needs to be studied

further.

In addition to transcriptional regulation, more UNC-104 protein

accumulates in distal axon in aging daf-2 mutants, suggesting

that DAF-2-dependent mechanisms might be also required to

stimulate the activity of UNC-104 in aging animals. Surprisingly,

upregulation of unc-104 in the neurons alone can increase life-

span, suggesting that maintenance of neuronal functions signif-

icantly promotes longevity. Together, these findings identify a

novel regulator in aging-associated motor circuit dysfunction

and highlight the importance of axonal transport in age-related

behavioral changes, as well as longevity.
EXPERIMENTAL PROCEDURES

Worms were raised on NGM plates at 20�C, using OP50 E.coli as a food

source. N2 Bristol was used as the wild-type reference strain. The mutant

strains CB1265 unc-104(e1265), CB1370 daf-2(e1370), syd-2(ju37), unc-

10(e102), nab-1(ok943), unc-57(ok310), unc-11(e47), dsh-1(ok1445), lin-

44(n1792), daf-16(mu86), hsf-1(sy441), skn-1(zu67)/nT1[unc-(n754)let-](IV;V),

and daf-2(e1370) were obtained through the Caenorhabditis Genetics Center.

The wy711 mutant was described as previously [25].

For aging experiments, worms were transferred every 2 or 3 days to fresh

NGM plates to separate the adults from the larvae. Transgenic constructs

were cloned into the pSM vector, a derivative of pPD49.26 (A.Fire) with

extra cloning sites. The transgenic strains were generated using standard

techniques.

Images of fluorescently tagged fusion proteins were captured in live

C. elegans using a plan-Apochromat 403 1.3 objective on a Zeiss LSM710

confocal microscope, using identical image and laser setting for each

genotype. The electrophysiology recordings were performed as previously

described [15].
605–615, March 7, 2016 ª2016 Elsevier Ltd All rights reserved 613



The details of the above and other experiments are included in the Supple-

mental Experimental Procedures.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,

seven figures, and one table and can be found with this article online at

http://dx.doi.org/10.1016/j.cub.2015.12.068.
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14. Trovò, L., Ahmed, T., Callaerts-Vegh, Z., Buzzi, A., Bagni, C., Chuah, M.,

Vandendriessche, T., D’Hooge, R., Balschun, D., and Dotti, C.G. (2013).

Low hippocampal PI(4,5)P2 contributes to reduced cognition in old mice

as a result of loss of MARCKS. Nat. Neurosci. 16, 449–455.

15. Liu, J., Zhang, B., Lei, H., Feng, Z., Liu, J., Hsu, A.L., and Xu, X.Z. (2013).

Functional aging in the nervous system contributes to age-dependent mo-

tor activity decline in C. elegans. Cell Metab. 18, 392–402.

16. Falzone, T.L., Gunawardena, S., McCleary, D., Reis, G.F., and Goldstein,

L.S. (2010). Kinesin-1 transport reductions enhance human tau hyper-

phosphorylation, aggregation and neurodegeneration in animal models

of tauopathies. Hum. Mol. Genet. 19, 4399–4408.

17. Stokin, G.B., Lillo, C., Falzone, T.L., Brusch, R.G., Rockenstein, E., Mount,

S.L., Raman, R., Davies, P., Masliah, E., Williams, D.S., andGoldstein, L.S.

(2005). Axonopathy and transport deficits early in the pathogenesis of

Alzheimer’s disease. Science 307, 1282–1288.

18. Taylor, R.C., and Dillin, A. (2013). XBP-1 is a cell-nonautonomous regulator

of stress resistance and longevity. Cell 153, 1435–1447.

19. Williams, K.W., Liu, T., Kong, X., Fukuda, M., Deng, Y., Berglund, E.D.,

Deng, Z., Gao, Y., Liu, T., Sohn, J.W., et al. (2014). Xbp1s in Pomc neurons

connects ER stress with energy balance and glucose homeostasis. Cell

Metab. 20, 471–482.

20. Wolkow, C.A., Kimura, K.D., Lee, M.S., and Ruvkun, G. (2000). Regulation

of C. elegans life-span by insulinlike signaling in the nervous system.

Science 290, 147–150.

21. Dillin, A., Hsu, A.L., Arantes-Oliveira, N., Lehrer-Graiwer, J., Hsin, H.,

Fraser, A.G., Kamath, R.S., Ahringer, J., and Kenyon, C. (2002). Rates of

behavior and aging specified by mitochondrial function during develop-

ment. Science 298, 2398–2401.

22. Herndon, L.A., Schmeissner, P.J., Dudaronek, J.M., Brown, P.A., Listner,

K.M., Sakano, Y., Paupard, M.C., Hall, D.H., and Driscoll, M. (2002).

Stochastic and genetic factors influence tissue-specific decline in ageing

C. elegans. Nature 419, 808–814.

23. Hsu, A.L., Feng, Z., Hsieh, M.Y., and Xu, X.Z. (2009). Identification by ma-

chine vision of the rate of motor activity decline as a lifespan predictor in

C. elegans. Neurobiol. Aging 30, 1498–1503.

24. Klassen, M.P., and Shen, K. (2007). Wnt signaling positions neuromus-

cular connectivity by inhibiting synapse formation in C. elegans. Cell

130, 704–716.

25. Wu, Y.E., Huo, L., Maeder, C.I., Feng,W., and Shen, K. (2013). The balance

between capture and dissociation of presynaptic proteins controls the

spatial distribution of synapses. Neuron 78, 994–1011.

26. Zhen, M., and Jin, Y. (1999). The liprin protein SYD-2 regulates the differ-

entiation of presynaptic termini in C. elegans. Nature 401, 371–375.

27. Sieburth, D., Ch’ng, Q., Dybbs, M., Tavazoie, M., Kennedy, S., Wang, D.,

Dupuy, D., Rual, J.F., Hill, D.E., Vidal, M., et al. (2005). Systematic analysis

of genes required for synapse structure and function. Nature 436,

510–517.
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