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Sphingolipid metabolism is important to balance the abundance of bioactive lipid

molecules involved in cell signaling, neuronal function, and survival. Specifically, the

sphingolipid sphingosine mediates cell death signaling, whereas its phosphorylated

form, sphingosine-1-phosphate (S1P), mediates cell survival signaling. The enzyme

sphingosine kinase produces S1P, and the activity of sphingosine kinase impacts

the ability of cells to survive under stress and challenges. To examine the influence

of sphingolipid metabolism, particularly enzymes regulating sphingosine and S1P, in

mediating aging, neuronal function and stress response, we examined life history traits,

locomotor capacities and heat stress responses of young and old animals using the

model organism Caenorhabditis elegans. We found that C. elegans sphk-1 mutants,

which lack sphingosine kinase, had shorter lifespans, reduced brood sizes, and smaller

body sizes compared to wild type animals. By analyzing a panel of young and old animals

with genetic mutations in the sphingolipid signaling pathway, we showed that aged

sphk-1 mutants exhibited a greater decline in neuromuscular function and locomotor

behavior. In addition, aged animals lacking sphk-1 were more susceptible to death

induced by acute and prolonged heat exposure. On the other hand, older animals with

loss of function mutations in ceramide synthase (hyl-1), which converts sphingosine to

ceramide, showed improved neuromuscular function and stress response with age. This

phenotype was dependent on sphk-1. Together, our data show that loss of sphingosine

kinase contributes to poor animal health span, suggesting that sphingolipid signaling may

be important for healthy neuronal function and animal stress response during aging.

Keywords: sphingosine kinase, sphingolipids, health span, C. elegans, life history traits, aging, stress,

neuromuscular function

INTRODUCTION

Sphingolipids comprise up to 20% of membrane lipids and include sphingomyelin (SM),
ceramide (CER), sphingosine (SPH), and sphingosine-1-phosphate (S1P) (Alvarez et al., 2007;
Hannun and Obeid, 2008). Sphingolipids function both in membrane support roles and as
bioactive signaling molecules that mediate myriad cell activities. The balance between the
cellular levels of S1P and CER/SPH is referred to as the sphingolipid rheostat. Cellular S1P
promotes cell growth, proliferation, and survival, whereas elevated SPH and CER mediate
apoptosis (Spiegel and Milstien, 2003; Hannun and Obeid, 2008). Thus, the genes coding
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the metabolic enzymes that regulate the balance of these lipids
are important for cellular function, stress response, development
and survival (Hait et al., 2006; Van Brocklyn and Williams, 2012;
Romero-Guevara et al., 2015).

The gene sphingosine kinase, which codes for the enzyme
that phosphorylates SPH and alters SPH/CER and S1P balance,
can affect age-related decline in normal neuronal function and
longevity. For example, sphingolipids regulate chronological
lifespan in yeast, worms, and mammals (Huang et al., 2014), and
lower tissue levels of S1P are a risk factor for many age-related
disorders, including Alzheimer’s disease, coronary artery disease,
immune dysfunction, diabetes, and obesity (Spiegel andMilstien,
2003; He et al., 2010; Maceyka et al., 2012; Kawabori et al.,
2013; Levkau, 2013). Conversely, ceramide accumulates in aged
animals, including worms and humans and may lead to shorter
lifespans (Cutler et al., 2014; Huang et al., 2014). For example,
elevated ceramide inC. elegans reduces lifespan, whereasmutants
lacking acid sphingomyelinase, an enzyme that breaks down
sphingomyelin to ceramide, have lengthened lifespan (Kim and
Sun, 2012; Cutler et al., 2014). However, it is unclear how
altered sphingosine kinase function impacts lifespan or health
span. Lifespan is the duration of an animal’s life whereas health
span is the duration of years of healthy living in animals. The
examination of genes affecting sphingolipid metabolism will be
important to identifying signaling pathways promoting healthy
aging.

The ability to maintain movement and stress response is
vital to organismal survival and longevity, and the activity
of sphingosine kinase may be important for this. Reducing
sphingosine kinase activity and S1P levels decrease stress
resilience and mobility in animals (Chung et al., 2000; Hannun
and Obeid, 2008; Maceyka et al., 2012; Van Brocklyn and
Williams, 2012). Sphingosine kinase is known to facilitate
neurotransmitter release at neuromuscular junctions and central
brain tissues, suggesting that sphingosine kinase may play
a role in aged animals to dampen decline in cognitive or
motor function (Brailoiu et al., 2002; Okada et al., 2009; Chan
et al., 2012; Shen et al., 2014). Indeed, activating S1P signaling
with the modulator fingolimod promotes motor function and
reduces brain atrophy in mouse models (Di Pardo et al.,
2014). Further studies investigating sphingosine kinase in aged
neurons are warranted to better understand healthy neuronal
aging.

Lipid metabolism is known to alter life history traits such as
development, reproduction, and lifespan (Branicky et al., 2010),
but the pathways regulating qualitative measures of healthy aging
are less understood. Here, we aim to examine the enzymes that
regulate the sphingolipid rheostat and their role in mediating
healthy aging. To accomplish this, we examined life history
traits, including development, reproduction, and lifespan, and
maintenance of motor performance using Caenorhabditis elegans
with genetic alterations in sphingolipid metabolic enzymes.
Our study shows that C. elegans mutants lacking sphingosine
kinase have reduced lifespan, shorter body sizes, and smaller
brood sizes. Furthermore, mutants have a greater age-related
decline in neuromuscular function and motor performance.
Thus, regulating enzymes mediating sphingolipid metabolism

may be important for healthy aging, and loss of sphingosine
kinase may exacerbate age related neurological dysfunction.

MATERIALS AND METHODS

C. elegans strains
All strains were outcrossed at least 4x, grown on nematode
growth media (NGM), and cultured using standard methods
at room temperature. Worms were stored in a cabinet in a
temperature controlled room. To confirm that temperatures
did not vary greatly, we collected data at 15 min intervals
using a temperature data logger (Elitech). The average
temperature was 20.9◦C over a 5-day period (range of 20.5◦C
to 21.5◦C). Plates were seeded with E. coli HB101 because
sphingolipid mutants grow better on this bacteria compared
to OP50. For lifespan and aging studies, NGM plates were
supplemented with 50 µM 5-Fluoro-2′-deoxyuridine (FUdR,
Alfa Aesar). FUdR is used to inhibit DNA synthesis, preventing
eggs from hatching. The following strains were provided
by the CGC, which is funded by NIH Office of Research
Infrastructure Programs (P40 OD010440): sphk-1(ok1097),
hyl-1(gk203), hyl-2(gnv1), T10B11.2(ok1252). The wild type
strain was N2 Bristol. Other strains used include OJ802
(vjEx315;sphk-1(ok1097)),JPC14(sphk-1(ok1097);hyl-1(gk203)),
and JPC15(sphk-1(ok1097);hyl-2(gnv1)).

Life History Traits
Lifespan was measured using animals grown on NGM/HB101
plates at room temperature. Age-matched L4 animals were
transferred to NGM plates containing 5’-fluorodeoxyuridine
(FUdR; 50 µM) for all genotypes examined. At least three
replicate plates, or trials, of 20–25 worms were examined for each
genotype, except sphk-1;hyl-2. Worms were counted every other
day and were transferred to fresh plates every 4–5 days, or when
necessary. Animals were scored as dead if they did not respond
to a gentle prodding with a platinum rod. Animals lost from
crawling up the side of petri dishes and bagged animals were
censored from the data set. Mean life span was also determined
by calculating the last day on which a live worm was observed.
All sample sizes, censored animals, and trial numbers are given
in Table 2.

For brood size, individual L4 hermaphrodite worms were
placed on NGM/HB101 plates, and transferred every 24 h for 5
consecutive days onto freshNGM/HB101 plates, until they were 7
days old. Surviving progeny from each plate were counted 2 days
after the transfer or removal of the parent worm. A minimum of
5 plates were used for each strain. Eggs that did not hatch were
not counted, leading to a modified, surviving brood size count.

For body size, worms were synchronized by allowing gravid
adult to lay eggs in a 2-h window. After removal of the parent,
progeny were allowed to grow for 48 and 72 h (Figure 1B). Body
sizes were measured using images of worms, captured using an
Infinity 2 camera and Infinity Analyze software (Lumenera), and
images were analyzed using ImageJ (NIH). At least 30 worms
were measured for body length, with length being from the tip
of the head to the end of the tail.
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Locomotion Assays
For experiments analyzing locomotor capacity, worms were
synchronized by allowing gravid adults to lay eggs in a
2-h window, and eggs were allowed to grow to 3 days
or 7 days, depending on the experiment (Figure 1B). For
experiments of neuromuscular function, aged wild type and
mutant hermaphrodites were examined for their sensitivity to
an acetylcholine esterase inhibitor, aldicarb (Sigma). Three plates
of 20 age-matched animals per genotype were transferred onto
NGM plates containing 1 mM aldicarb. Movement was scored
every 15 min for 2 h, and genotypes were blind to the scorer.
For analyses of 7-day-old animals, worms were transferred to
FUdR-containing plates at 3 days to prevent new progeny from
developing.

Thrashing and body bend assays were performed to test for
locomotor capacity. On test days, animal behavior was recorded
by video using an Infinity 2 camera (Lumenera). For thrashing
assays, individual worms were added to M9 solution, allowed to
equilibrate for 1 min, and scored the next 15 s for the number
of thrashes (this number multiplied by four to get thrashes
per minute). For body bending assays, individual worms were
transferred onto a NGM plate containing E. coli (HB101), and
scored the next 30 s for the number of bends (this number was
doubled to get body bends per minute).

Stress Assays
Heat stress assays were performed on adult hermaphrodites
grown on NGM/HB101, as described elsewhere (Keith et al.,
2014). Briefly, animals from synchronized egg lays, as described

FIGURE 1 | Sphingolipid metabolism pathway. (A) The sphingolipid signaling

pathway is composed of sphingomyelin, ceramide, sphingosine, and

sphingosine-1-phosphate, and are interconverted by metabolic enzymes.

C. elegans orthologs of enzymes examined in this paper are indicated. (B) A

diagram depicting the ages of animals during the scoring days of experiments.

All ages are relative to egg lay and the presence of colored circles indicate that

a respective test was performed on that day.

above, were aged to 3, 7, or 11 days after hatching (Figure 1B).
For heat stress assays, age-matched worms were incubated at
35◦C and scored for survival at 2, 3, 4, 6, and 9 h. For heat
shock assays, age-matched adult hermaphrodites were incubated
at 37◦C for 90 min, and counted for survival 12 h later. For
both assays, worms were considered dead when they no longer
responded to gentle prodding in the head region. Aged animals
tested at 7 or 11 days were transferred to FUdR plates at 3 days to
prevent new progeny from developing.

Statistical Analysis
For analyses of lifespan and of survival to stress over
time, a Kaplan-Meier estimator was used using the program
OASIS (Yang et al., 2011). All other statistical analysis was
completed using R statistical package. Statistical differences were
determined using one- or two-way ANOVAs, followed by Tukey’s
HSD post-hoc tests for pairwise comparisons.

RESULTS

Altering Sphingolipid Metabolism Enzymes
Affects Longevity, Reproduction, and
Development
The conserved sphingomyelin pathway (Figure 1A and Table 1)
links external environmental cues with an intracellular signaling
network that mediates cell responses and cell survival (Hannun
and Obeid, 2008). The metabolic enzymes function to balance
the cellular levels of ceramide (CER)/sphingosine (SPH) vs.
S1P; this balance often determines the difference between
cellular apoptosis or survival and growth. Thus, we examined
whether animals lacking sphingosine kinase displayed differences
in life history traits compared to wild type animals. Our

TABLE 1 | Sphingolipid metabolic enzymes.

Gene

product

Worm

ortholog

Alleles

used

Known

expression

patterns

Human

homolog

Protein

similarity

(%)

Sphingosine

kinase

sphk-1 ok1097 Neuronal Sphk1 72.5

Hypodermis

Intestine

BW Muscle

Ceramide

synthase

hyl-1 gk203 Ph Muscle Ceramide

synthase 6

71.9

Intestine

Neuronal

Ceramide

synthase

hyl-2 ok1766 Ph Muscle Ceramide

sythase 4

67.7

Intestine

Neuronal

Hypodermis

Ceramide

kinase

cerk-1 ok1252 Cerk 70.9

BW, Body Wall; Ph, Pharynx.
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experiments were completed with animals grown on HB101
E. coli because we previously observed that sphingosine kinase
mutants appear healthier when fed HB101 compared to
OP50 (personal observation). It is possible that the increased
carbohydrate observed in HB101, compared to OP50 bacterial
strains, promotes a healthier state (Brooks et al., 2009).
Interestingly, C. elegans fed HB101 may have less stored fat,
slightly increased lifespans, and increased the rate of germline
proliferation (Brooks et al., 2009; So et al., 2011; Sowa et al.,
2015). However, brood sizes were similar between HB101 and
OP50 fed worms (Sowa et al., 2015). Thus, all life history trait
experiments were performed using HB101. First, we analyzed
sphk-1(ok1097)/sphingosine kinase mutants which contain a
deletion in the kinase domain necessary for S1P production
(Pitson et al., 2000; Chan et al., 2012). We found that sphk-1
mutants have decreased lifespans, brood sizes and growth
compared to wild type animals (Figures 2A–C and Table 2).
Mean lifespans (average day of death) of sphk-1 worms were
significantly reduced compared to wild type animals (Figure 2A
and Table 2). Mutants lacking sphk-1 also exhibited reduced
brood sizes (measured as the number of surviving progeny)
compared to wild type animals (p < 0.001; Figure 2B and
Table 2). After 48 h from egg lay, 31% of wild type animals
developed to adult stage (young adult and adult), whereas
only 9% of sphk-1 mutants reached adulthood (Figure 2C and
Table 2), suggesting the sphk-1 mutants had a slower rate of
development. Furthermore, the body lengths of sphk-1 mutants
were 12 and 24% smaller compared to wild type animals at 48
and 72 h, respectively (Table 2).

Previously, sphk-1(ok1097) worms analyzed for sphingolipid
content by mass spectrometry exhibited increased levels of
sphingosine and sphinganine (Menuz et al., 2009). This suggests
that in sphk-1 mutants, sphingosine cannot be converted to
S1P. It should be noted, however, that S1P levels could not be
measured due to the challenge of detecting the soluble lipid
from worm extracts (Menuz et al., 2009). Thus, phenotypic
differences observed in sphk-1 mutants may be attributed to
either increased SPH or decreased S1P. To differentiate between
these possibilities, we used genetic manipulations that alter genes
of sphingolipid metabolism enzymes acting in the sphingolipid
salvage pathway.

The sphingolipid metabolic enzyme ceramide synthase
converts SPH to CER, and mutants with mutations in ceramide
synthase have increased SPH (Menuz et al., 2009). C. elegans have
three ceramide synthase paralogs, hyl-1, hyl-2, and lagr-1. We
examined hyl-1(gk203) and hyl-2(gnv1) mutants because these
animals have reported increased SPH content, as determined
by mass spectrometry (Menuz et al., 2009). Surprisingly, we
found that both hyl-1 and hyl-2 mutants had decreased lifespans
compared to wild type animals (Figure 2A and Table 2);
however, these mutants had normal brood sizes compared to
wild type animals (Figure 2B and Table 2). For developmental
growth, we observed at 48 h that only 18% of hyl-1/CER
synthase mutants reached adulthood and 2.6% of hyl-2/CER
synthase mutants reached adulthood (Figure 2C and Table 2).
This indicates that loss of ceramide synthase in hyl-1 and hyl-2
mutants may slow larval development compared to wild type

FIGURE 2 | Sphingolipid enzymes regulate life history traits. (A) Lifespan

curves of wild type, sphk-1, hyl-1, sphk-1;hyl-1, hyl-2, and sphk-1;hyl-2. For all

animals, all days are counted relative to egg lay. Significant differences in

lifespan and mean survival were determined using a Kaplan-Meier estimator

and Log-rank tests (Yang et al., 2011). (B) Brood size of animals of the

indicated strain (n values are indicated). L4 animals were singled onto

individual plates every 24 h for 6 days, and hatched eggs were counted 2 days

after removal of the parent, representing a surviving population. For brood size,

**p < 0.001 and significant differences were determined by one-way ANOVA

and Tukey’s HSD post-hoc tests. (C) Developmental level of wild type, sphk-1,

hyl-1, sphk-1;hyl-1, and hyl-2 at 48 and 72 h after a 2 h egg lay. Error bars are

± SEM.

animals. However, by 72 h, most hyl-1 and hyl-2mutants reached
adult stage.

To further examine the genetic interactions between the
enzymes that regulate SPH and S1P metabolism, we examined
sphk-1;hyl-1 and sphk-1;hyl-2 double mutants. The prediction is
that the genetic interactions in these mutants lead to elevated
SPH, which cannot be converted to S1P. Double mutants for
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TABLE 2 | Life history traits of sphingolipid metabolic enzyme mutants.

Lifespan (days)∧

number (censored

animals) and trials

indicated

Brood size

(surviving progeny)

Development (48 h) Development (72 h)

Body length (µm) Percent adult (YA+A) Body length (µm) Percent adult (YA+A)

wild type (N2) 20.1 ± 0.4

n = 90 (2), 4 trials

267.0 ± 18.6 n = 7 756.4 ± 11.5 n = 134 31.3 n = 303 1162.9 ± 12.5 n = 114 100 n = 386

sphk-1 (ok1097)/

SPH kinase

13.6 ± 0.4**

n = 111 (3), 6 trials

88.2 ± 13.5** n = 5 666.9 ± 9.9* n = 38 9.2 n = 153 885.6 ± 12.3** n = 38 95.3 n = 191

hyl-1(gk203)/ CER

synthase

16.13 ± 0.4**

n = 100 (6), 4 trials

291.4 ± 28.0 n = 5 996.2 ± 13.4** n = 50 18.3 n = 104 1195.9 ± 12.2 n = 50 94 n = 116

hyl-2(gnv1)/ CER

synthase

17.7 ± 0.6**

n = 73 (2), 3 trials

248.5 ± 30.0 n = 10 792.3 ± 17.6 n = 90 2.6 n = 116 1152.2 ± 11.7 n = 86 89.1 n = 55

sphk-1; hyl-1 12.4 ± 0.4**

n = 65 (6), 4 trials

104.4 ± 9.5** n = 5 662.7 ± 11.7** n = 41 0 n = 79 851.6 ± 14.1** n = 58 78.9 n = 142

sphk-1; hyl-2 7.1 ± 0.7**

n = 20 (0), 2 trials

9.7 ± 4.5** n = 8 647.9 ± 19.3** n = 28 n/a 778.7 ± 26.1** n = 27 n/a

cerk-1(ok1252)/

CER kinase

19.9 ± 0.3

n = 127 (2), 4 trials

244.7 ± 24.2 n = 9 760.7 ± 10.3 n = 84 34.1

n = 225

1045.9 ± 8.8** n = 32 100.0 n = 171

∧p-values determined by a Kaplan-Meier test and Bonferroni correction with the program OASIS (Yang et al., 2011).

*p < 0.01 and **p < 0.001, ANOVA and Tukey HSD compared to wild type and (± SEM for all data).

sphk-1;hyl-1 had shorter lifespans and smaller brood sizes than
sphk-1 mutants; furthermore, we did not observe any sphk-
1;hyl-1 double mutant animals reaching adulthood at 48 h
(Figures 2A–C and Table 2). Intriguingly, sphk-1;hyl-2 double
mutants exhibited extremely poor health, making many analyses
of phenotypes in these mutants difficult. However, these mutants
had shorter maximum lifespans than sphk-1 mutants alone
and had an average of 9.7 ± 4.5 progeny per adult. Together,
these data suggest that manipulations of sphingolipid metabolic
enzymes alter development and shorten animal lifespan.

Sphingosine Kinase Is Necessary to Slow
the Decline in Locomotor Activity of Aged
Animals
Sphingosine kinase recruitment to pre-synaptic release sites
facilitates acetylcholine (ACh) release at neuromuscular and
central synapses (Kanno et al., 2010; Chan et al., 2012).
Thus, we aimed to determine whether neuromuscular function
depended on (1) age, (2) sphingolipid signaling and (3)
interactions between age and sphingolipids. First, we examined
neuromuscular function by exposing wild type and sphingolipid
mutants to an acetylcholine esterase inhibitor, aldicarb. Aldicarb
inhibits the breakdown of ACh, resulting in muscle paralysis
by hyper-contraction. On this pharmacokinetic agent, animals
that have decreased ACh release paralyze at a slower rate
compared to animals with normal signaling. We found that
7 day old wild type animals paralyzed slower than 3 day old
wild type animals (ages are relative to egg lay, Figure 1B)
(Figures 3A,F and Table 3, p < 0.01, ANOVA and Tukey’s
post-hoc test), suggesting that neuromuscular function is
decreased in aged adult animals compared to younger adult
animals.

To compare between age and genotypes, we quantified animal
paralysis after a 90-min exposure to aldicarb (Figure 3). We
chose the 90-min time point because this is when approximately
half of the wild types paralyzed.We found that mutations in sphk-
1 caused less paralysis compared to wild type animals (p < 0.001,
Figures 3B,F and Table 3), consistent with previous findings
(Chan et al., 2012). However, 3 day old mutants for two ceramide
synthases, hyl-1 and hyl-2, showed non-significant increases in
their rates of aldicarb-induced paralysis at 90 min compared
wild type animals (Figures 3C,D,F and Table 3); however, hyl-1
ceramide synthase mutants were affected by mutations in sphk-1
(p < 0.01, Figures 3E,F and Table 3), suggesting that increased
neuromuscular function may be due to the conversion of SPH to
S1P, as previously suggested (Chan et al., 2012).

Locomotor behavior and acetylcholine signaling have been
shown to decline with age (Muir, 1997), so we next tested
for an interaction between age-related loss of neuromuscular
function and sphingolipid metabolism enzymes. To better
compare across age, we again examined the 90-min time point
in the aldicarb assay. In general, age decreased neuromuscular
function of all genotypes examined [ANOVA, F(1, 32) = 38.4, p
= 0.001], supporting previous findings on age-related decrease
in pharyngeal pumping (Mulcahy et al., 2012). In particular, wild
type animals showed increased resistance to aldicarb from 3 to 7
days (p < 0.01), indicating that neuromuscular function declines
with age (Figure 3F and Table 3). However, hyl-1 and hyl-2
ceramide synthase mutants, both of which paralyzed similarly to
wild type at 3 days, demonstrated opposite responses with age.
Specifically, the rates of hyl-1 paralysis did not change with age.
Seven-day old hyl-2, on the other hand, did show less paralysis
than their 3-day counterparts, suggesting loss of neuromuscular
function with age. However, 7 day paralysis of hyl-2 mutants is
still greater than wild type animals. Together, these data suggest
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FIGURE 3 | Sphingolipid enzymes regulate neuromuscular function. (A–E) Age-dependent changes in paralysis response of 3-day and 7 day old wild type animals to

aldicarb (1 mM) exposure in the indicated strains. (F) Percent of animals paralyzed for the indicated strains after 90-min of aldicarb exposure. For all experiments,

animals were examined 3 or 7 days post-hatching, and were transferred onto NGM plates containing aldicarb for testing. For all, error bars are ± SEM and are

performed in triplicates; *p < 0.01 and **p < 0.001 for comparisons to the wild type counterpart and #p < 0.01 for comparisons to the 3 day old counterpart.

that ceramide synthase mutations slow the observed decline of
neuromuscular function in this paralysis assay. Interestingly,
gene reporter experiments showed that hyl-1 is expressed in
neurons of worms, indicating that hyl-1 may be the relevant
CER synthase functioning in neurons (Chan and Sieburth, 2012).
Similar to 3 day old animals, the effect of hyl-1/ceramide synthase
mutations on slowing neuromuscular function decline of 7

day old animals was dependent on sphk-1 (Figures 3E,F and
Table 3). Thus, it is plausible that the phenotype observed in hyl-
1/ceramide synthase may be due to the ability to convert SPH to
S1P.

To further address whether sphingosine kinase mediates the
locomotor capacities of young and old animals, we analyzed
lateral movement of animals on liquid and solid medium
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(Figure 4). To measure movement in liquid medium, we
performed a thrashing assay. We found that 3 day old sphk-
1 mutants demonstrated fewer thrashes per minute (tpm) than
wild type animals (p < 0.01; Figure 4A and Table 3) and fewer
bends per minute than wild type animals (p < 0.001; Table 3
and Figure 4B). Similar to paralysis on aldicarb, 3 day old hyl-1
mutants showed similar thrashing and body bending counts
as wild type animals. However, sphk-1;hyl-1 double mutants
showed less thrashing than wild type animals. Together, these
data suggest that animals containing the sphk-1mutation leads to
less movement capabilities compared to wild-type adult animals.

Similar to assays of neuromuscular function, age had a
significant effect on declining locomotion in liquid medium
[ANOVA, F(1, 288) = 103.5, p < 0.001] and solid surfaces
[ANOVA, F(1, 288) = 326.4, p < 0.001]. Pairwise analyses showed
that wild type worms had 22.5% less thrashes per minute at 3
days compared to 7 days (p < 0.01; Figure 4A and Table 3) and
40.7% less body bends at 3 days compared to 7 days (p < 0.001;
Figure 4B and Table 3). Seven day old mutants lacking sphk-
1, compared to 3 day counterparts, significantly decreased their
thrashing behavior by 65.2% and their bending by 66.5%; Seven
day old sphk-1 mutants also performed significantly less than 7
day wild type counterparts in both assays (Figure 4 and Table 3).
Furthermore, expressing sphk-1 under its endogenous promoter
can rescue the loss of body bends behavior in 3 and 7 day old
sphk-1 mutants (Table 3). However, 7 day old hyl-1 mutants did
not show decline in thrashing or body bends when compared
to their 3 day old counterparts, and conversely had increased
thrashes (Figures 4A,B and Table 3). However, this thrashing
phenotype was not observed in sphk-1;hyl-1 doublemutants (28%
drop in thrashes from 7 to 3 days, p = 0.05). Together, our
findings suggest that loss of sphingosine kinase may be lead to
quicker locomotor activity decline with age.

Ceramide Kinase Is Not Required for
Development and Normal Movement
The sphingolipid metabolic enzyme ceramide kinase is found
in synaptic vesicles preparations, and knockouts of CER kinase
in flies and mice produce neuronal defects (Bajjalieh et al.,
1989; Bornancin, 2011). Thus, we aimed to determine whether
loss of CER kinase was important for lifespan and maintaining
locomotor function. The C. elegans CER kinase (cerk-1) is
orthologous to the human CERK, with 70.9% similarity in amino
acid sequence (Table 1). It also contains a conserved DAG kinase
domain and a conserved cysteinyl motif (CX3CX2C) in the
regulatory loop, both of which are essential for mammalian
CERK function (Bornancin, 2011). We obtained the allele
(ok1252) and identified a 570 bp deletion in this allele, which
leads to a 190 amino acid deletion, spanning most of the
conserved DAG kinase domain of ceramide kinase. We did
not detect differences in lifespan, brood size, or 2-day growth
compared to wild type animals (Table 2). However, there was
a small but significant decrease in body length after 72 h of
development.

To determine whether loss of cerk-1/CER kinase altered
movement, we examined mutants in thrashing and body bending
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FIGURE 4 | Sphingolipid enzymes regulate locomotor behavior. The number of thrashes per minute (A) and body bends per minute (B) for wild type and the indicated

mutants, analyzed at 3 and 7 days (n = 25 for all groups). For all experiments, animals were examined 3 or 7 days post-hatching, and were transferred onto normal

NGM plates for testing. For all, error bars are ± SEM; *p < 0.01 and **p < 0.001 for comparisons to the wild type counterpart, and #p < 0.01 for comparisons to the

3 day old counterpart.

assays. At 3 days old (relative to egg lay), cerk-1mutants exhibited
similar thrashing and body bends behavior compared to wild
type animals. However, cerk-1 mutants had a 49.7% decrease in
thrashing at 7 days (p < 0.01 compared to the wild type 7 day
counterpart) but not bending on solid medium. Together, this
suggests that loss of CER kinase does not alter movement at
young adult ages, but may lead to a faster decline in movement
in liquid medium.

Sphingolipid Metabolic Enzymes Regulate
Stress Response in C. elegans
When exposed to stressors, neurons and other cells mobilize
defenses by activating critical signaling pathways important to
cell survival, including sphingolipid signaling. Thus, alterations
of sphingolipid enzyme activity within cells may impact an
animal’s ability to tolerate stress. To further analyze this, we
examined the survival of 3-day old animals (relative to egg
lay) subjected to prolonged heat (35◦C) measured over a 9-h
period.We found that as the duration of heat exposure increased,
survivability of animals decreased, and the majority of animals of
all the genotypes tested were unresponsive to prodding by 9 h
(Figure 5A and Table 3).

Mutants lacking sphk-1 showed less resistance to death
induced by heat compared to wild type animals at 3 days old
(χ2 = 33.2, p < 0.001, Log-Rank Test; Figure 5A and Table 3).
Expressing sphk-1 under its endogenous promoter partially
restored sphk-1 survival near wild type survival levels, suggesting
a functional rescue (Figure 5D and Table 3). On the other hand,
hyl-1mutants were as resistant to heat stress as wild type animals
at the 6 h time point but more resistant over the course of the
9 h exposure (χ2 = 4.4, p < 0.05, Log-Rank Test; Figures 3A,C
and Table 3). Previous studies of other CER synthase mutations
showed that double mutants for hyl-1(ok976);lagr-1(gk331) had
resistance to heat stress, which was most evident at more than
8 h of exposure (Mosbech et al., 2013). Interestingly, hyl-2/CER
synthase mutants were much more sensitive to heat stress than
hyl-1mutants (χ2 = 40.0, p < 0.001, Log-Rank Test), suggesting

that the two genes may have varied functions. This corroborates
previous work showing that hyl-2 mutants are more susceptible
to anoxic stress than hyl-1mutants (Menuz et al., 2009).

The finding that sphk-1mutants had decreased survival during
heat stress could be due to increased SPH or decreased S1P levels.
Because hyl-1 mutants have increased SPH levels (Menuz et al.,
2009) and demonstrated enhanced survival during prolonged
heat exposure, poor heat stress response might be due to
decreased ability to convert SPH to S1P. To further confirm this
genetically, we examined heat stress response in double mutant
animals lacking both sphk-1 and hyl-1 (sphk-1;hyl-1). We found
that sphk-1;hyl-1 responded similarly to heat exposure as sphk-1
mutants alone (χ2 = 0.9, p> 0.05, Log-Rank Test; Figure 5A and
Table 3), suggesting that the sphk-1mutation contributes to poor
heat stress response. In addition, sphk-1;hyl-2 double mutants
also exhibited a reduced ability to resist heat stress similar to
either sphk-1 or hyl-2mutants alone.

Heat Stress Responses of Aged Animals
Depends on Sphingosine Kinase
As animals age, their ability to resist stress decreases, accelerating
age-related and stress-dependent decline in critical cellular
functions. Sphingolipid metabolism alters with age and may
affect an organism’s ability to withstand temperature changes.
Thus, we next examined whether sphingolipid manipulations
altered the survival of aged animals to heat exposure. We tested
animals of all genotypes at ages of 3 days (start of adult stage),
7 days (a period when reproduction has mostly passed), and
11 days of age (a period when animals display noticeable age-
related changes in physiology). All ages are relative to egg lay
(Figure 1B). Seven-day old wild type animals showed a resistance
to heat stress when chronically exposed to 35◦C compared to 3
day old animals (mean survival is 7.4 ± 0.1 h at 3 days vs. 8.2 ±
0.2 at 7 days, χ2 = 8.35, p < 0.01, Log-Rank Test), whereas 11
day old animals exhibited reduced heat stress resistance (mean
survival was 6.7 ± 0.2, Figures 5A,B) compared to 3 day and 7
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FIGURE 5 | Response to heat stress is influenced by sphingolipid enzymes and age. (A) Chronic heat stress assay on the indicated animals. Wild type and mutant

animals were exposed to 35◦C (from room temperature) and the fraction of survival was tallied at the times indicated. (B) Wild type animals of different ages

responded differently to heat stress. (C,D) Fraction of survival of wild type and indicated mutants at 3, 7, or 11 days old exposed to 35◦C at the 6 h time point. (E)

Response of animals to an acute heat shock assay (37◦C for 90 min). Fraction of survival of wild type and indicated mutants is shown at 3, 7, or 11 days old. For all,

error bars are ± SEM, *p < 0.01 and **p < 0.001 for comparisons to the wild type counterpart, and #p < 0.01 for comparisons to the 3 day old counterpart.

day old animals (χ2 = 14.2 and 30.0, respectively; p < 0.01 for
both).

To better compare animals across genotype and age (3, 7, and
11 day old animals), we analyzed animal survival to prolonged
heat stress at the 6 h time point of exposure to 35◦C. This time
was used because it represents a time at which approximately 50%
of wild type animals had died. For wild type animals, the percent

survival at 3 days was 62.0 ± 2.1%, which increased to 79.6 ±

1.3% at 7 days (p < 0.01, ANOVA and Tukey’s post-hoc Tests),
and decreased to 46.0± 1.3% at 11 days (p < 0.01, Figures 5C,D
and Table 3). Sphingolipid mutants demonstrated more variable
patterns than wild type. sphk-1 mutants showed poor heat stress
responses at all ages compared to wild type (p < 0.001 for all),
and we did not detect differences between ages. The resistance
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of wild type animals to heat stress at 7 days compared to 3
days may be due to FUdR treatment alone, as previous studies
have shown that FUdR increases heat stress resistance, albeit at
8x higher concentrations than that used here (Feldman et al.,
2014). However, our data indicate that sphk-1 mutants are likely
resistant to FUdR mediated effects. In addition, 3 day old sphk-1
mutants pre-treated to 24 h of FUdR (50 µM) prior to the heat
stress assay also did not improve heat stress resistance compared
to non-FUdR treated mutants (data not shown).

Both sphk-1(ok1097) and hyl-1(gk203) mutants have
previously been found to have elevated SPH levels (Menuz et al.,
2009). Whereas, sphk-1 mutants have less heat stress resistance
than wild type animals, hyl-1 mutants had greater survival to
heat stress at 11 days compared to wild type counterparts (p
< 0.001). To determine whether the phenotype observed in
hyl-1 mutants depends on sphingosine kinase, we examined
sphk-1;hyl-1 double mutants. We found that their heat stress
resistance at 11 days was less than wild type animals (Figure 5C
and Table 3, p < 0.001, ANOVA and Tukey’s post-hoc Tests).
This suggests that the effect of hyl-1 single mutants on heat stress
resistance depends on sphk-1.

Next, we examined the sphingolipid pathway for a role in
acute responses to heat stress. For this, animals were subjected
to an acute heat exposure at 37◦C for 1.5 h, and then measured
for survival after 12 h. We found that sphk-1 mutants had a
larger drop in survival from 7 to 11 days compared to wild type
animals. Specifically, wild type animals had a 92.1± 2.5% survival
at 3 days, which stayed high at 7 days (96.7 ± 2.8% survival)
but dropped at 11 days (32.8 ± 2.5% survival) (Figure 5E and
Table 3). From 7 to 11 days, there was a 66% decrease in the
number of surviving animals. Mutants of sphk-1 demonstrated
reduced survival at 7 days (37.3 ± 2.8%, 28% loss in response
from 3 days) and at 11 days (6.9 ± 2.7% survival, which was an
82% loss of response from 7 days). This large drop in heat shock
survival from 7 to 11 days was also found in sphk-1;hyl-1 double
mutants when compared (74% loss of response). Together, these
findings suggest that loss of sphingosine kinase may accelerate
death following stress exposure, and that S1P production may be
important for promoting stress resistance in aged animals.

DISCUSSION

The Functions of Sphingosine Kinase on
Reproduction, Growth, and Lifespan
We found that genetic manipulations in C. elegans enzymes
that affect the ability to convert the sphingolipid sphingosine
to S1P, including sphk-1 single mutants and mutants lacking
both sphk-1 and ceramide synthase (sphk-1;hyl-1 and sphk-1;hyl-
2), resulted in significantly reduced lifespans compared with
wild type animals (summarized in Table 4). The effect of gene
mutations in sphingolipid enzymes on lifespanmay be accounted
for by the loss of enzymatic activity, yielding elevated sphingosine
and/or ceramide, decreased S1P, or both. Indeed, loss of cellular
levels of S1P contribute to aging phenotypes. For example,
reduced S1P levels are observed in pathologies associated with
Alzheimer’s disease (He et al., 2010). In addition, S1P can bind

and stabilize human telomerase reverse transcriptase (hTERT),
the catalytic subunit of the enzyme telomerase (Panneer Selvam
et al., 2015). Given that telomerase maintains telomere length of
chromosomes, loss of S1P may alter the functions of telomerase,
leading to telomere shortening and accelerated cell senescence
and aging.

Several lines of evidence also support the theory that
manipulation of enzymes that elevate ceramide decrease lifespan
(Table 4). In worms, mutations in or RNAi knockdown of
acid sphingomyelinase (asm-3) increase lifespan (Kim and
Sun, 2012), suggesting that reduced ceramide production
is correlated to longevity. In addition, 11 day old worms
accumulate sphingolipids, particularly glucosylceramides (GM1
and GM3) and specific sphingomyelins, compared to 3 day old
counterparts (Cutler et al., 2014). Genetic or pharmacological
inhibition of serine palmitoyl transferase, an upstream enzyme
in sphingolipid metabolism, and glucosylceramide synthase, an
enzyme important for producing glucosylceramides, decreased
respective lipid levels, slowed development and increased lifespan
(Cutler et al., 2014). Indeed, in non-mammalian genetic model
organisms, such as yeast cells, deletion of ceramide synthases
increase replicative lifespan (the number of times cells can
bud), but not chronological lifespan (survival after cells have
stopped dividing) (Huang et al., 2014). However, manipulations
of other sphingolipidmetabolism enzymes, such as YDC1, a yeast
ceramidase gene, decrease chronological lifespan. Together, these
findings suggest that mobilization of ceramide and sphingosine
production may decrease lifespan. However, our data suggests
that the inability to convert sphingosine to S1P may worsen
lifespan phenotypes, in addition to age-related decline in
movement and stress response.

Ceramides can get converted into other sphingolipids such
as sphingosine, which may also affect lifespan. However, genetic
manipulations of enzymes acting on the lipid sphingosine
have yielded conflicting results on the effects of sphingolipids
on lifespan (Table 4). For example, the effect of ceramide
synthase mutations on lifespan appears to depend on dose
and genetic background. Double mutants of ceramide synthase
(hyl-1(ok976);lagr-1(gk327)) have extended lifespan (Mosbech
et al., 2013). Thus, we were surprised that the hyl-1 and hyl-2
single mutants examined in this study showed reduced lifespan;
however, consistent with our findings, hyl-1 and hyl-2 mutants
showed reduced longevity in starvation-induced L1 diapause
animals (Cui et al., 2017). Furthermore, data here and results
from others have shown that the hyl-1(gk203) allele does not
lead to extended lifespan (Tedesco et al., 2008; Menuz et al.,
2009; Cui et al., 2017). In addition, Tedesco et al. (2008) also
report that initial analyses of hyl-1(ok976) mutants showed
increased lifespan, but strains backcrossed (greater than 6x)
no longer exhibited long-lived phenotypes compared to their
wild type strain. Thus, hyl-1 strains of allele ok976 may have
linked mutations that affect lifespan (Tedesco et al., 2008; Menuz
et al., 2009). The hyl-1(gk203) strain used here was outcrossed
10x previously (Chan et al., 2012). Furthermore, Tedesco et al.
(2008) showed that first generation RNAi knockdown of the
lag1p motif of hyl-1 resulted in increased lifespan, but no lifespan
difference was observed in second or third generation RNAi
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TABLE 4 | Lifespan and stress response phenotypes of sphingolipid mutants.

Gene product Worm ortholog Alleles Lifespan phenotype % compared to

wildtype (references)

Stress response (references)

Sphingosine kinase sphk-1 ok1097 54 (Table 2) Hypersensitive to heat stress (Table 3)

ok1097 No change to anoxia (Menuz et al., 2009)

ok1097 80 (L1 diapause) (Cui et al., 2017)

S1P lyase spl-1 n/a; RNAi 78 (Samuelson et al., 2007)

Ceramide synthase hyl-1 gk203 80 (Table 2) Resistance to heat stress (Table 3)

gk203 117 (Menuz et al., 2009) Resistance to anoxia (Menuz et al., 2009)

ok976 no change (Menuz et al., 2009) Resistance to anoxia (Menuz et al., 2009)

ok976 67 (L1 diapause) (Cui et al., 2017)

ok976 no change* (Tedesco et al., 2008)

hyl-2 gnv1 88 (Table 2) Hypersensitive to heat stress (Table 3)

gnv1 no change (Menuz et al., 2009) Hypersensitive to anoxia (Menuz et al., 2009)

ok1766 78 (L1 diapause) (Cui et al., 2017)

tm2031 no change (Menuz et al., 2009) Hypersensitive to anoxia (Menuz et al., 2009)

larg-1 gk327 no change (Cui et al., 2017)

hyl-1;lagr-1 ok976;gk327 18 (Cui et al., 2017)

hyl-1;lagr-1 121 (Mosbech et al., 2013) Resistance to heat shock (Mosbech et al.,

2013)

hyl-2;lagr-1 ok1766;gk327 80 (L1 diapause) (Cui et al., 2017)

Ceramide kinase cerk-1 ok1252 no change (Table 2)

acid sphingo-myelinase asm-3 ok1744 114 (Kim and Sun, 2012)

Neutral sphingo-myelinase n/a; G109

(drug)

106 (Cutler et al., 2014)

serine palmitoyl-transferase sptl-1 ok1693 135 (Cutler et al., 2014)

sptl-2 ok2753 34 (Cui et al., 2017)

sptl-3 ok1927 88 (Cui et al., 2017)

serine palmitoyl-transferase n/a; ISP-1

(drug)

131 (Cutler et al., 2014)

*hyl-1(ok976) mutants originally showed an increased lifespan phenotype, but subsequent outcrossing by Tedesco et al. indicated that backcrossed strains showed normal phenotypes.

treated animals. Another explanation for differences in our
experiments is that our lifespan experiments were performed
at RT, which may have impacts on the fluidity or composition
of the lipid membrane. Indeed, disrupting sphingolipids with
myriocin, an inhibitor of serine-palmitoyl transferase (SPT) that
depletes sphingolipids, in S. cerevisiae altered membrane order
by reducing the amount of microdomains present (Vecer et al.,
2014). Interestingly, pharmacological inhibition of SPT increases
lifespan (Table 4), and others have suggested that altering
sphingolipid domains may alter insulin signaling (Holland
et al., 2007; Holland and Summers, 2008; Kim and Sun, 2012;
Cutler et al., 2014). Thus, temperature dependent changes in
sphingolipids may affect lifespan and physiological phenotype.
Nonetheless, subsequent experiments, including body bends,
thrashing, and aldicarb experiments, performed onworms grown
at 20◦C have shown that sphk-1 loss of function or knockdown
by RNAi show that sphk-1 decreases neuromuscular function
as seen at room temperature (data not shown). Furthermore,
Cui et al. (2017) showed that sphk-1, hyl-1 and hyl-2 mutants
had decreased survival during L1 diapause when grown at 20◦C
(summarized in Table 4).

Sphingolipids can be composed of shorter or longer acyl-
chain fatty acids. Interestingly, mutations in ceramide synthases

genes, whose proteins act on shorter acyl-chain sphingosine (<22
carbons), decreased lifespan, whereas mutations in ceramide
synthases acting on longer sphingosine did not (Mosbech et al.,
2013). However, longer acyl chain lipids promote survival under
starvation conditions (Cui et al., 2017). Thus, the impact of
genetic modifications on lipid levels, the complexity of the
sphingolipid modification, and strain differences likely led to
discrepancies on the effects of ceramide synthase mutants on
lifespan.

Sphingolipids are a complex class of lipids, and lipidmolecules
can be made via salvage, de novo, or recycling pathways, which
differ in their cellular source of sphingosine backbone. De novo
pathways generate ceramides from the activity of the enzyme
serine palmitoyltransferase (SPT); salvage pathways generate
ceramide molecules from endocytosed lipids and complex
sphingolipids such as glucosylceramides and sphingomyelin;
and recycling pathways from the activity of recycling enzymes
(Hannun and Obeid, 2008; Huang et al., 2014). In addition,
sphingolipids can be modified by addition of sugar moieties or
a change in carbon chain length. These complex metabolites have
varied effects on animal growth and lifespan. Loss of function
mutations in C. elegans SPT gene, sptl-1, or pharmacological
inhibition of glucosylceramide synthases increased lifespan
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(Cutler et al., 2014). Thus, it is apparent that the roles of
sphingolipids in regulating lifespan are not simple, and is likely
due to combinatory effects of altered sphingolipid enzyme
activity in various cellular pathways of animals.

We also found that loss of sphingosine kinase leads to a
reduced brood size, whereas genetic manipulations in ceramide
synthase have normal brood sizes. S1P has previously been shown
to be critical for gonad cell function (Guo et al., 2014); S1P can
protect from germline oocyte apoptosis in mice, and reduced
S1P in fly Sk2 mutants had 43% of the progeny as wild type
controls (Morita et al., 2000; Herr et al., 2004). Furthermore,
sphk-1 and sphk-1;hyl-1 double mutants had a slightly decreased
development and body size compared with wild type, suggesting
enzymes in sphingolipid metabolism may alter the rate at which
an organism develops. Taken together, our data suggest that
sphingolipids are critical during both reproduction, development
and longevity, and that genetic manipulations of sphingolipid
metabolism that lower S1P levels are likely to accelerate aging and
reduce lifespan.

The interaction of sphingolipids with the daf-2/insulin like
growth factor 1 receptor signaling pathway (IIS) is also unclear.
Several lines of evidence suggest that sphingolipid enzymes
act parallel to daf-2 signaling pathways. For example, RNAi
knockdown of daf-2 in hyl-1(ok976);lagr-1(gk327) mutants had
additive effects (Mosbech et al., 2013). CER synthases have also
been shown to act independently of the daf-2 signaling pathway
in stress responses; hyl-2 was also shown to mediate responses
to anoxia, which are independent of daf-2 (Menuz et al., 2009)
and hyl-1;lagr-1;age-1 triple mutants had intermediate responses
to starvation induced D1 diapause survival compared to hyl-
1;lagr-1 and age-1 alone (Cui et al., 2017). On the other hand,
mutations in asm-3/acid sphingomyelinase lead to a modest
increase in lifespan, and the phenotype is partially dependent
on the insulin receptor daf-2 signaling (Kim and Sun, 2012); the
authors found that asm-3mutations did not further increase daf-
2 lifespan nor alter the decreased daf-16 lifespan phenotype, and
propose a model where an altered the sphingolipid membrane
and lipid raft environment may alter receptor localization or
function (Kim and Sun, 2012). However, the interaction of
sphingosine kinase with daf-2 is unknown. Interestingly, RNAi
knockdown of spl-1, the putative S1P lyase, did not increase
lifespan as expected but rather reduced lifespan compared to
wild-type and increased mortality in daf-2 mutants (Samuelson
et al., 2007). However, spl-1 mutations and knockdown has been
shown to cause developmental defects as well (Mendel et al.,
2003; Samuelson et al., 2007). In mammalian tissues, S1P acts
through S1P receptors to modulate insulin receptors and insulin
resistance (Fayyaz et al., 2014). However,C. elegans do not appear
to have S1P receptors orthologs.

Sphingosine Kinase Helps Maintain
Locomotor Activity with Aging
We show that loss of sphk-1 decrease neuromuscular function,
thrashing, and body bending, suggesting that S1P levels are
critical to promoting neuromuscular function. Consistent with
this, S1P promotes neurotransmitter release at central synapses

and neuromuscular junctions (Okada et al., 2009; Chan et al.,
2012). Furthermore, both fly and worm sphingosine kinase
mutants have functional neuromuscular defects, but have no
gross morphological defects and normal muscle responsiveness
(Herr et al., 2004; Chan et al., 2012), suggesting that S1P is a
mediator of neuronal function.

Aging has been associated with loss of neuronal function,
including motor and cognitive decline. Here, we show that
mutations in sphingosine kinase lead to greater decline of
neuromuscular function of aged animals. Neuronal deficits
during aging may stem from synapse deterioration, reduced
neurotransmitter release, and neuronal loss among other
neuronal malfunctions. It is possible that neurons undergoing
aging and stress respond by recruiting sphingosine kinase
to membranes during aging, as shown in tissues of young
animals (Okada et al., 2009; Pitson, 2011; Chan et al., 2012).
With aging, there could be a lower rate of recruitment of
sphingolipid metabolic enzymes such as sphingosine kinase,
leading to higher cellular levels of ceramide and sphingosine
and lower levels of S1P, ultimately leading to decreased
neuronal function. Indeed, inhibition of sphingosine kinase
and sphingosine itself mediate hair cell loss in cochlear
cells of rats, whereas S1P decreased hair cell loss (Romero-
Guevara et al., 2015; Tani et al., 2016). Furthermore, regulation
of S1P levels may impact neurodegenerative disorders. For
example, inhibiting sphingosine kinase decreases dopaminergic
neuron viability by increasing ROS, and Sphk1 expression
is decreased in a Parkinson’s disease model (Pyszko and
Strosznajder, 2014).Moreover, lower levels of S1P are observed in
tissues of Alzheimer’s diseased patients and elevated expression
of S1P lyase, which breaks down S1P, enhances cerebellar
neurodegeneration (He et al., 2010; Van Echten-Deckert and
Walter, 2012; Ceccom et al., 2014). It will be of considerable
interest to better understand sphingosine kinase function in
aging neurons.

Ceramide kinase, which produces ceramide-1-phosphate
(C1P), is found in synaptic vesicle preparations, and C1P
can stimulate neurotransmitter release (Bajjalieh et al., 1989;
Bornancin, 2011). However, we found that loss of ceramide
kinase in young adults did not affect motor performance
in thrashing or body bending in young animals. Similarly,
ceramide kinase-null mice did not exhibit differences in motor
performance on rotorod tests, but did exhibit defects in
emotional behavior in open field tests (Mitsutake et al., 2007).
Interestingly, we found that cerk-1/CERK mutants exhibited
a slight early decline in thrashing movement at older ages.
Interestingly, C1P signaling can promote muscle regeneration
(Gangoiti et al., 2012). Thus, these findings suggest that ceramide
kinase loss may not be important for normal neuronal function,
but may have modulatory roles in neurons or muscles exposed to
stress or in aging conditions.

Loss of Sphingosine Kinase Affects Stress
Responses and Survival
The resilience of animals to exposure to stress may be a
contributing factor to healthy aging. We observed that mutations
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in sphingosine kinase also decreased heat stress response, and
effects were larger at older ages. sphk-1 single mutants did appear
less healthy overall, as poor stress response was observed even at
young ages. Thus, developmental roles of sphingosine kinasemay
have contributed to poor responses. Intriguingly, hyl-1/ceramide
synthase mutants had slightly shorter mean lifespans than wild
type animals, but exhibited better responses at older ages to
heat stress and age-dependent motor decline than wild type
counterparts. Thus, these mutants may live a longer portion of
their lifespan in a healthy state. These effects were blocked by
genetic mutations in sphk-1. It is interesting to speculate that at
young ages, elevated sphingosine can promote health by being
converted to S1P, but at older ages (and in sphk-1 mutants),
less S1P is made and elevated SPH may lead to poor health.
Previous studies linking lifespan to healthy aging, or healthspan,
have shown that long lived daf-2mutants spend a smaller portion
of their lifespan with better heat stress response and movement
capacity (Bansal et al., 2015). However, this was not true for
all longevity models and performance with age depended on
the physiological measure. For example, maximum movement
velocity was not dependent on lifespan, as daf-2 and daf-16
animals spent the same percent of their lifespan in movement
performance as wild type animals (Hahm et al., 2015).

How might genetic manipulations affecting the production
of S1P affect stress response and survival? S1P is known
as a cell survival, stress response, and immune response
factor, and increased S1P may protect cells against damage
(Hait et al., 2006; Huang et al., 2014). In fact, blocking S1P
breakdown increases cell viability in cultured cells and S1P
can activate extracellular receptors that initiate cell survival
signaling pathways such as MAP kinase, PI-3 kinase, and mTOR
(Johnson et al., 2003; Taniguchi et al., 2012; Van Brocklyn and
Williams, 2012). In neurons, blocking SPH to S1P conversion
reduced the neuroprotective effect of the pro-survival factor
docosahexaenoic acid (DHA). However, C. elegans and many
invertebrates do not have homologs to mammalian S1P receptor
genes, suggesting that non-receptor mediated functions of S1P
may also mediate cell survival and longevity. For example,
fibroblasts overexpressing sphingosine kinase, yet lacking S1P
receptors, still have pro-survival effects (Olivera et al., 2003).
Activating sphingosine kinase with K6PC-5 induces anti-aging
effects through intracellular calcium (Youm et al., 2008). In
addition, mammalian Sphk2 colocalizes with HDACs, and S1P
is thought to inhibit the deacetylation of histones and alter
transcription (Hait et al., 2009). Thus, S1P may have non-
receptor dependent functions in stress response and aging.
Together, sphingosine kinases may have myriad functions in the
cells, but themechanisms of sphingosine kinase in stress response
and aging pathways are still unclear.

In both vertebrate and invertebrate models, stress activates
signaling pathways that mobilize sphingosine kinase, increase
S1P levels, and promote cell survival. For example, oxidative
stress stimulates recruitment of SphK to membranes, where
it may produce S1P (Maceyka et al., 2007; Van Brocklyn and
Williams, 2012). In yeast, heat stress mobilizes sphingolipid
metabolism, which may regulate p-body formation and
translation of stress response genes (Cowart et al., 2010; Liu

et al., 2013). Furthermore, growth factors such as TGFβ and
cytokines activate mammalian SphK and increase S1P in cells
(Alvarez et al., 2007). On the other hand, inhibiting SphK activity
leads to increased ROS toxicity in tissues such as the liver, and
increased ROS has also been shown to degrade SphK (Pchejetski
et al., 2007; Chatzakos et al., 2012). Thus, sphingosine kinase
activity is an important part of the stress response mechanism,
and poor sphingolipid mobilization in response to stress
conditions during aging may contribute to deteriorating health
span of animals. In addition, stress from ultraviolet light may
mobilize salvage pathways to increase sphingolipid metabolism
in cells, and activation of PKC by phorbal esters may increase
ceramide production via the salvage pathway in a ceramide
synthase dependent manner to resist stress induced cell death
(Kitatani et al., 2006, 2008). Here, we show that manipulations
in sphingosine kinase in animals resulted in poor survival of
animals exposed to acute heat shock compared to wild type
counterparts, and this effect increased with older age.

Consistent with a role of the sphingolipid rheostat in
survival, it is possible that cells balance S1P and ceramide
production in response to varying levels of environmental
stress. Under low levels of oxidative stress, cells are thought
to mobilize a coordinated response involving the activation
of sphingomyelinases and sphingosine kinases (Van Brocklyn
and Williams, 2012). The net result is to increase ceramide
in cells, but to convert CER/SPH to S1P under the regulation
of sphingosine kinase. However, under extreme stress, cells
may undergo regulated apoptosis and mobilize sphingolipid
metabolism toward sphingosine and ceramide. Indeed, in C.
elegans, ceramide recruitment to mitochondria is important for
germ cell apoptosis when exposed to radiation, and ceramide
production is important for mitochondrial stress response to
bacterial pathogens, activation of detoxification genes, and
survival during anoxia and radiation (Deng et al., 2008; Menuz
et al., 2009; Liu et al., 2014). Furthermore, ceramide induced
inflammatory responses through NFKappaB may mediate aging
(Wu et al., 2007). Thus, aging may result in mobilization of
cell signaling pathways that regulate enzymes in sphingolipid
metabolism, particularly those affecting ceramide and S1P
balance.

In conclusion, we identify that sphingolipid metabolic
enzymes that affect the CER/SPH and S1P rheostat alter the
responses of aged animals to neuromuscular function and stress.
In older animals, losing the ability to produce S1P results in a
loss of performance of parameters of healthy aging, including
resilience to heat exposure and maintaining locomotor function.
Recent studies on aging have tried to uncouple phenotypes
associated with lifespan and health span (Keith et al., 2014;
Bansal et al., 2015), and efforts to study specific cell signaling
pathways that promote healthy aging is a global concern. Life
expectancy has been increasing in the American (and global)
population (according to the Global Health and Aging Report,
National Institutes of Aging), and so have the incidences of age-
related disorders. Given the increased loss of memory, cognitive
function, and movement in the elderly, studies of sphingolipid
signaling may lead to a greater understanding of mechanisms for
healthy neuronal aging.
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