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The Neuropeptides FLP-2 and PDF-1 Act in Concert To
Arouse Caenorhabditis elegans Locomotion
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ABSTRACT During larval molts, Caenorhabditis elegans exhibits a sleep-like state (termed lethargus) that is characterized by the absence
of feeding and profound locomotion quiescence. The rhythmic pattern of locomotion quiescence and arousal linked to the molting cycle is
mediated by reciprocal changes in sensory responsiveness, whereby arousal is associated with increased responsiveness. Sensory neurons
arouse locomotion via release of a neuropeptide (PDF-1) and glutamate. Here we identify a second arousing neuropeptide (FLP-2). We
show that FLP-2 acts via an orexin-like receptor (FRPR-18), and that FLP-2 and PDF-1 secretion are regulated by reciprocal positive
feedback. These results suggest that the aroused behavioral state is stabilized by positive feedback between two neuropeptides.
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NIMALS undergo periods of behavioral quiescence and
arousal in response to changes in their environment and
metabolic state. Arousal is defined as a state of heightened
responsiveness to sensory cues coupled with increased motor
activity whereas quiescence is associated with diminished
responsiveness and motor activity (Pfaff et al. 2008). Arousal
is associated with fear, stress, hunger, and exposure to sexual
partners (Pfaff et al. 2008), while quiescence is associated
with sleep and satiety (Cirelli 2009). Quiescence and arousal
can persist for minutes to hours. Relatively little is known
about the circuit mechanisms that dictate the duration of
these behavioral states, nor how transitions between these
states are triggered. To address these questions, we analyzed
arousal and quiescence of C. elegans locomotion.
During each larval molt, Caenorhabditis elegans undergoes
a prolonged period of profound behavioral quiescence,
termed lethargus behavior, during which locomotion and
feeding behaviors are inactive for ~2 hr (Cassada and Russell
1975). Lethargus has properties of a sleep-like state such as
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reduced sensory responsiveness and homeostatic rebound of
quiescence following perturbation (Trojanowski and Raizen
2016). Several genes and molecular pathways involved in
lethargus behavior have been identified (Van Buskirk and
Sternberg 2007; Raizen et al. 2008; Monsalve et al. 2011;
Choi et al. 2013, 2015; Nagy et al. 2013, 2014; Nelson
et al. 2013; Turek et al. 2013; Singh et al. 2014). Many sen-
sory responses are diminished during lethargus, including
those mediated by a nociceptive neuron (ASH) (Choi et al.
2015; Cho and Sternberg 2014), and by mechanosensory
neurons (Schwarz et al. 2011). Diminished sensory respon-
siveness during lethargus is likely to be an important circuit
mechanism for producing behavioral quiescence (Choi et al.
2013, 2015).

Mutants lacking NPR-1 Neuropeptide Y (NPY) receptors
have been utilized as a model for generalized arousal. NPR-1
inhibits the activity of a central sensory circuit (defined by
gap junctions to the RMG interneuron) (Macosko et al.
2009). In npr-1 mutants, sensory responses mediated by
the RMG circuit (e.g., avoidance of pheromone, oxygen,
and irritant chemicals) are exaggerated, and this heightened
acuity is associated with exaggerated locomotion (both dur-
ing lethargus and in adults) (Gray et al. 2004; Cheung et al.
2005; Macosko et al. 2009; Choi et al. 2013). Mutations that
increase (e.g., npr-1) and decrease (e.g., tax-4 CNG and osm-9
TRPV) RMG circuit activity are associated with locomotion
arousal and quiescence, respectively (Coates and de Bono
2002; de Bono et al. 2002; Choi et al. 2013). In npr-1
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mutants, locomotion quiescence during lethargus is nearly
completely blocked (Choi et al. 2013; Nagy et al. 2014). Sen-
sory neurons controlled by the RMG circuit arouse locomo-
tion via secretion of a neuropeptide, pigment dispersing
factor (PDF-1), and glutamate (Choi et al. 2013, 2015).
These results raise several interesting questions. How are
prolonged quiescent and aroused states established by the
RMG circuit? Do the different arousing neurotransmitters
(i.e., glutamate and PDF-1) interact to stabilize the aroused
state? Or are there additional transmitters that stabilize the
aroused state?

Here we show that locomotion arousal during lethargus is
promoted by the concerted action of two neuropeptides (PDF-1
and FLP-2). When animals are inactive, PDF-1 and FLP-2
secretion is diminished whereas enhanced secretion is asso-
ciated with aroused locomotion. PDF-1 arouses locomotion in
part via increased FLP-2 secretion, and vice versa. Thus, lo-
comotion arousal is stabilized by reciprocal positive feedback
between PDF-1 and FLP-2. A FLP-2 receptor (FRPR-18) is
similar to mammalian orexin/hypocretin receptors and is re-
quired for FLP-2’s arousing effects. Our results suggest that
concerted signaling by two neuropeptides provides a circuit
mechanism for synchronized rhythms of behavioral activity.

Materials and Methods
Strains

Strain maintenance and genetic manipulation were per-
formed as described (Brenner 1974). Animals were culti-
vated at 20° on agar nematode growth media (NGM)
seeded with OP50. Wild-type reference strain was N2 Bristol.
Strains used in this study are as follows:

KP6048 npr-1(ky13) X

KP7147 frpr-18(0k2698) V

KP7380 flp-2(gk1039) X

KP7487 frpr-18(0k2698) V; flp-2(gk1039) X

KP7918 frpr-18(0k2698) V; npr-1(ky13) X

KP7420 flp-2(gk1039) npr-1(ky13) X

KP7488 frpr-18(0k2698) V; npr-1(ky13) flp-2(gk1039) X
KP7422 nuls513[flp-2p::flp-2::venus, vha-6p::mCherry]
KP7435 npr-1(ky13) X; nuls513

KP7398 pdf-1(tm1996) II; npr-1(ky13) X; nuls513
LSC27 pdf-1(tm1996) II

KP6340 pdfr-1(0k3425) III

KP6100 pdf-1(tm1996) II; npr-1(ky13) X

KP6410 pdfr-1(ok3425) III; npr-1(ky13) X

KP7385 pdfr-1(ok3425) III; frpr-18(0k2698) V

KP7323 pdfr-1(0k3425) III; flp-2(gk1039) X

KP7384 pdfr-1(ok3425) III; frpr-18(0k2698) V; npr-1(ky13) X
KP7399 pdfr-1(ok3425) II; npr-1(ky13) flp-2(gk1039) X
KP7393 pdf-1(tm1996) II; npr-1(ky13) flp-2(gk1039) X
KP7384 pdf-1(tm1996) III; frpr-18(0k2698) V; npr-1(ky13) X
KP6693 nuls472 [pdf-1p::pdf-1::venus, vha-6p::mCherry]
KP6743 npr-1(ky13) X; nuls472

KP7388 fipr-18(0k2698) III; npr-1 (ky13) X; nuls472

1152 D. Chen et al.

KP7386 fIp-2(gk1039) npr-1(ky13) X; nuls472

KP6030 npr-1(ky13) nre-1(hd20) lin-15b(hd126) X

KP7587-7589 fipr-18(0k2698) III; npr-1(ky13) X; nuFx1689-
1691[WRMO0630bG11 fosmid;vha-6p:: mCherry]

KP7417 nuEx1648[flp-2p::gfp,vha-6p::mCherry]

KP7414 nuEx1649[frpr-18p::GFP, flp-6p::NLS-mCherry, vha-
6p::mCherry]

KP7500 nuEx1685[frpr-18p::GFP, gpa-4p::NLS-mCherry]

KP7502 nuEx1687[frpr-18p::GFP, flp-6p::NLS-mCherry]

KP7562 nuEx1688([frpr-18p::GFP, sra-6p::mCherry]
KP7982 nuEx1747[frpr-18p::GFP];otls518[eat-4(fosmid::SL2::
mCherry::H2B) + (pBX)pha-1(+)] III; him-5(e1490) V
KP7983 nukEx1747[frpr-18p::GFP];otls544[cho-1 (fosmid::SL2::
mCherry::H2B) + (pBX)pha-1(+)] III; him-5(e1490) V
KP7431-KP7434 npr-1(ky13); nuEx1656-1659]str-3p::ced-
3::GFP, daf-7p::GFP, vha-6p::mCherry]

KP7426 flp-2(gk1039) npr-1(ky13) X; nuEx1652[flp-2p::flp-
2(gDNA), vha-6p::mCherry]

KP7425 frpr-18(0k2698) III; npr-1(ky13) X; nuEx1651[frpr-
18p::mOxR2, vha-6p::mCherry]

KP7593 frpr-18(0k2698) III; npr-1(ky13) flp-2(gk1039) X;
nuEx1651

KP7890-7891 frpr-18(0k2698) III; npr-1(ky13) X; nuExI736-
1737[gpa-4p::mOxR2, vha-6p::mCherry]

All strains are available upon request.
Constructs

FLP-2 secretion construct (KP#2282): flp-2 genomic DNA
and YFP (VENUS) containing a stop codon were each ampli-
fied by PCR and ligated into the expression vector pPD49.26
(Addgene). The construct contains 3 kb of upstream regula-
tory sequence 5’ to the fIp-2 start codon.

frpr-18 (KP#2276) and flp-2 (KP#2271) transcriptional
reporter constructs: DNA corresponding to the frpr-18 reg-
ulatory sequence (~2.6 kb 5') or fIp-2 regulatory sequence
(~3 kb 5’) was amplified by PCR and ligated into expression
vectors (pPD95.75) containing GFP coding sequence.

ASI cell ablation construct (KP#2150): ced-3 complemen-
tary DNA (cDNA) and GFP were amplified by overlapping
PCR and ligated into expression vectors (pPD49.26) contain-
ing the str-3 (~3 kb 5’ regulatory sequence: ASI expression)
promoter.

Mouse orexin receptor 2 expression constructs (KP#2290
and 3251): cDNA of mouse orexin type 2 receptor (mOxR2)
(~1.3 kb) was amplified by PCR from a mouse cDNA library
and ligated into expression vectors (pPD49.26) containing
the frpr-18 (2.6 kb 5’ sequence, KP#2290) or gpa-4 (3 kb
5’ sequence, KP#3251) promoters.

Transgenes and germline transformation

Transgenic strains were generated by microinjection of var-
ious plasmids with co-injection markers: myo-2p::NLS-
mCherry (KP#1480) and vha-6p::mCherry (KP#1874).
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Figure 1 FRPR-18 and FLP-2 are
required for aroused locomotion
during molts in npr-7 mutants.
(A) The fraction of motile animals
during the L4/A lethargus follow-
ing treatment with RNAI is shown.
RNAIi was carried out using an
npr-1 mutant strain containing
RNAi hyper-sensitive mutations
(npr-1 nre-1 lin-15b) (Schmitz
et al. 2007). Knockdown of frpr-18
significantly suppressed the npr-1
lethargus locomotion defect, whereas
the empty vector control L4440
had no effect. The number of
animals analyzed is indicated.
Error bars indicate SEM. Values
that differ significantly (by x? test)
are indicated (** P < 0.01). (B-G)
Locomotion behavior of single
worms during the L4/A lethargus
was analyzed in the indicated ge-
notypes. Instantaneous locomotion
velocity (B, E), average motile frac-
tion (C, F), and average locomotion
velocity (D, G) are plotted. (B-D)
The npr-1 L4/A locomotion quies-
cence defect was suppressed by
mutations inactivating fror-18 and
was reinstated by a fosmid clone
(WRMO0630bG11) containing the
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fror-18 genomic locus in fror-18; npr-1 double mutants. (E-G) The npr-7 L4/A locomotion quiescence defect was also suppressed by mutations inactivating
the FRPR-18 ligand, FLP-2. The L4/A locomotion velocity and motile fraction of frpr-18; npr-1 or npr-1 flp-2 double mutants was not significantly different
from frpr-18; npr-1 fip-2 triple mutants (F-G). The number of animals analyzed is indicated for each genotype. Error bars indicate SEM. Values that differ

significantly are indicated (*** P < 0.001; ns, not significant).

Injection concentration was 40-50 ng/pl for all the expres-
sion constructs and 10 ng/pl for co-injection markers. The
empty vector pBluescript was used to bring the final DNA
concentration to 100 ng/p.l.

Lethargus locomotion and behavior analysis

We recorded brief movies (2-Hz frame rate for 60 sec) of
locomotion during the first hour of the L4/A lethargus. We
chose the first hour of lethargus because this corresponds to
the peak of quiescence, during which 50-80% of animals are
quiescent and each quiescent bout lasts for 10-80 sec (Nagy
et al. 2014). Thus, 60-sec movies allow us to accurately sam-
ple quiescent bouts during the peak of L4/A quiescence.
These recordings were analyzed as previously described
(Choi et al. 2013). Briefly, well-fed late L4 animals were
transferred to full lawn OP50 bacterial plates. After 1 hr, lo-
comotion of animals in lethargus (determined by absence
of pharyngeal pumping) was recorded on a Zeiss Discovery
Stereomicroscope using Axiovision software. Centroid velocity
of each animal was analyzed at each frame using object-
tracking software in Axiovision. The motile fraction of each
animal was calculated by dividing the number of frames with
positive velocity value by the total number of frames. The
speed of each animal was calculated by averaging the velocity
value at each frame. Quantitative analysis was done using a

custom-written MATLAB program (Mathworks). Statistical
significance was determined using one-way ANOVA with
Tukey test for multiple comparisons and two-tailed Student’s
t-test for pairwise comparison.

Adult locomotion and behavior analysis

Locomotion of adult animals was analyzed with the same
setup as L4/A locomotion analysis described above, except
that well-fed adult animals were monitored 5-10 min after
the transfer to full-lawn OP50 bacterial plates. Foraging be-
havior was analyzed as described (de Bono and Bargmann
1998). Briefly, ~150 well-fed adult animals were placed on
NGM plates seeded with 200 pl OP50 Escherichia coli 2 days
before the assay. After 3 hr, images were taken for each ge-
notype. Statistical significance was determined using one-
way ANOVA with Tukey test for multiple comparisons and
two-tailed Student’s t-test for pairwise comparison.

RNAI screen

An RNA interference (RNAI) feeding screen was performed to
identify neuropeptide receptor genes whose inactivation in-
creases the L4/A quiescence of npr-1 mutants, as described
(Kamath et al. 2003). The screen utilized a strain containing
mutations that increase the efficacy of RNAi: KP6030 npr-
1(ky13) nre-1 lin-15b (Schmitz et al. 2007). One hundred
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and fourteen neuropeptide receptor genes were selected for
the screen (Frooninckx et al. 2012). After 5 days of RNAi
treatment (two generation) at 20°, well-fed late L4 animals
were transferred to full-lawn OP50 bacterial plates. After
1 hr, animals in lethargus (determined by absence of pharyn-
geal pumping) were scored for their motility. Statistical sig-
nificance was determined using the x? test.

Cell ablations

Neurons were ablated in npr-1(ky13) mutant worms by
transgenes coexpressing CED-3 and a fluorescent protein
(GFP or mCherry) under the str-3 (ASI ablation) promoter.
ASI ablation was confirmed by fluorescence microscopy.

Fluorescence microscopy and image analysis

Quantitative imaging of coelomocyte fluorescence was per-
formed as previously described (Choi et al. 2013) using a
Zeiss Axioskop equipped with an Olympus PlanAPO 100X
(NA = 1.4) objective and a CoolSNAP HQ CCD camera (Pho-
tometrics). Worms were immobilized with 30 mg/ml 2,3-
Butanedione monoxime (Sigma, St. Louis, MO). The anterior
coelomocytes were imaged in L4/A lethargus (determined by
absence of pharyngeal pumping), and 1 day-old adult ani-
mals. Image stacks were captured and maximum intensity
projections were obtained using Metamorph 7.1 software
(Universal Imaging). YFP fluorescence was normalized to
the absolute mean fluorescence of 0.5 mm FluoSphere beads
(Molecular Probes, Eugene, OR). Statistical significance was
determined using the Kolmogorov—Smirnov test.

Identification of FRPR-18-expressing neurons

Cells expressing the frpr-18p::GFP reporter were identified
based on their position and axon morphology. Identification
of many neurons was made by analysis of frpr-18p::GFP coex-
pression with mCherry constructs expressed in other neurons.
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Representative images and (B) summary data
are shown for coelomocyte fluorescence in L4
and L4/A animals. FLP-2::VENUS coelomocyte
fluorescence was dramatically reduced during
the L4/A lethargus of wild-type animals, but
not in npr-1 mutants. pdf-1; npr-1 double mu-
tants exhibited decreased FLP-2 secretion dur-
ing lethargus. Values that differ significantly are
indicated (*** P < 0.001; ns, not significant).
Bar, 10 pm.

These include mCherry constructs containing the gpa-4 (for
ASI neurons), flp-6 (for 16 and ASE neurons), and sra-6 (for
PVQ and ASH neurons) promoters. Several identifications
were made by comparing expression of frpr-18p::GFP with
eat-4p::RFP (Serrano-Saiz et al. 2013) and cho-1p::RFP, which
have known expression patterns (O. Hobert, personal commu-
nication). Images were taken using a 60X objective (NA 1.45)
on an Olympus FV-1000 confocal microscope. Maximum in-
tensity projections of Z-series stacks were made using Meta-
morph 7.1 software (Molecular Devices, Sunnyvale, CA).

Data availability

The authors state that all data necessary for confirming the
conclusions presented in the article are represented fully
within the article.

Results

A neuropeptide receptor (FRPR-18) is required for
aroused locomotion during molts in npr-1 mutants

Locomotion quiescence during the fourth stage larva-to-adult
(L4/A) molt is dramatically reduced in npr-1 mutants (Choi
et al. 2013; Nagy et al. 2014). Mutations inactivating PDF-1
or its receptor (PDFR-1) reinstate a wild-type pattern of molting-
associated quiescence in npr-1 mutants (Choi et al. 2013).
Double mutants lacking both PDF-1 and NPR-1 exhibit a normal
pattern of quiescence during arousal following molts (Choi et al.
2013), suggesting that changes in PDF-1 signaling are not
absolutely required for the rhythmic pattern of quiescence
and arousal that is coupled to the molting cycle.

To determine if additional neuropeptides are required for
locomotion arousal, we used RNAI to inactivate all predicted
neuropeptide receptors in npr-1 mutants and assayed L4/A
locomotion velocity and motile fraction (detailed in Materials
and Methods). One of the genes identified in this screen was
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frpr-18. Inactivating FRPR-18 by either RNAi (Figure 1A) ora
null mutation (0k2698) significantly decreased L4/A locomo-
tion velocity and motile fraction of npr-1 mutants, indicating
that molt-associated quiescence was restored (Figure 1, B-D).
The frpr-18 null mutation had little effect on the locomotion of
npr-1 adults (Supplemental Material, Figure S1A); however,
frpr-18 single mutant adults exhibited decreased locomotion
velocity (Figure S1B). A fosmid clone spanning the frpr-18
genomic locus reinstated the L4/A locomotion quiescence de-
fects in frpr-18; npr-1 double mutants (Figure 1, C and D).
Foraging behavior is also altered in npr-1 mutants, as indicated
by an increased tendency for mutant worms to form clumps at
the boundaries of the bacterial lawn (de Bono and Bargmann
1998). This npr-1 foraging defect was not suppressed in fipr-18;
npr-1 double mutants (Figure S2), indicating that FRPR-18
was not required for other npr-1 phenotypes. Collectively, these
results suggest that FRPR-18 signaling promotes aroused loco-
motion during lethargus.

An FRPR-18 ligand (FLP-2) also promotes aroused L4/A
locomotion in npr-1 mutants

Prior studies found that two neuropeptides encoded by the
fIp-2 gene (FLP-2A and B) activate FRPR-18 receptors expressed
in transfected cells (Mertens et al. 2005; Larsen et al. 2013).
Prompted by these results, we analyzed the effect of a fip-2
mutation (gk1039) on lethargus locomotion. L4/A locomotion
velocity and motile fraction were significantly reduced in npr-1
flp-2 double mutants compared to npr-1 single mutants (Figure
1, E-G). The fIp-2 mutation had little effect on npr-1 adult loco-
motion (Figure S1A), although fIp-2 single mutants exhibited
decreased adult locomotion velocity (Figure S1B). The flp-2 mu-
tation also had no effect on the npr-1 foraging defect (Figure
S2), indicating that FLP-2 was not required for other npr-I
phenotypes.

sphincter

Figure 3 frpr-18 is expressed in a subset of neu-
rons in the head, midbody, and tail. Adult animals
containing an frpr-18 reporter construct are
shown. (A) In the head, the frpr-18 promoter
expressed GFP in URA, BAG, 16, RIM, AlY neurons
& in the head of the worm. (B) Expression of frpr-18
in ASI neurons was confirmed by coexpression with
an ASI marker (gpa-4). (C, D) The frpr-18 reporter
was also expressed in the VC and CAN neurons (C),
in PVQ and DVA neurons (D), and in the intestinal
and sphincter muscles (D). Bar, 10 pwm.

Overlay

DVA

If FLP-2 neuropeptides function as FRPR-18 ligands in vivo
(as predicted by the cell culture data), flp-2 and frpr-18 mu-
tations should not have additive effects in double mutants.
Consistent with this idea, the L4/A locomotion velocity and
motile fraction of frpr-18; npr-1 double mutants were not
significantly different from those observed in frpr-18; npr-1
flp-2 triple mutants (Figure 1, F and G). Similarly, adult lo-
comotion exhibited by frpr-18; flp-2 double mutants did not
differ significantly from that observed in either single mutant
(Figure S1B). These results indicate that flp-2 and frpr-18
function together to arouse locomotion, consistent with
FLP-2A/B function as FRPR-18 ligands (Mertens et al.
2005; Larsen et al. 2013).

NPR-1 inhibits FLP-2 secretion during L4/A
locomotion quiescence

We previously showed that NPR-1 inhibits secretion of
PDF-1 during lethargus, and that this effect is required to
maintain the molt-associated locomotion quiescence (Choi
et al. 2013). Prompted by these results, we tested the idea
that NPR-1 also inhibits FLP-2 secretion during lethargus.
We analyzed secretion of YFP-tagged FLP-2, expressed by
the fIp-2 promoter. Secretion of FLP-2 was assessed by
measuring YFP fluorescence in the endolysosomal com-
partment of coelomocytes, which are specialized scaven-
ger cells that internalize proteins secreted into the body
cavity (Fares and Greenwald 2001). In wild-type animals,
FLP-2::YFP secretion was dramatically decreased during
the L4/A molt compared to L4 stage animals (Figure 2).
This molt-associated decrease in FLP-2::YFP secretion was
eliminated in npr-1 mutants, suggesting that NPR-1 in-
hibits FLP-2 secretion during molts and that decreased
FLP-2 secretion is required for molt-associated locomotion
quiescence.
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Figure 4 ASI neurons promote arousal. (A, B) The npr-1 L4/A locomotion
quiescence defect was suppressed by ASI ablation. A transgene express-
ing CED-3 in ASI (using the str-3 promoter) was used to genetically ablate
the ASI neurons. Summary data for (A) L4/A motile fraction and (B) loco-
motion velocity are shown. The number of animals analyzed is indicated
for each genotype. Error bars indicate SEM. Values that differ significantly
are indicated (*** P < 0.001; ns, not significant).

ASI neurons promote arousal

FLP-2 is expressed in several neurons in head ganglia, includ-
ing AIA, ASI, MC, M4, 15, and RID (Kim and Li 2004). To
further characterize the cellular mechanism for FLP-2’s
arousing effects, we identified cells that express frpr-18. An
frpr-18 promoter construct expressed GFP in many neurons
(including AIY, ASI, BAG, URA, CAN, 16, PVQ, DVA, RIM,
and VC) and in the anal sphincter and intestinal muscles
(Figure 3).

ASI neurons coexpress FLP-2 (Kim and Li 2004) (Figure
S3), FRPR-18 (Figure 3B), and PDF-1 (Janssen et al. 2009;
Barrios et al. 2012), suggesting that these neurons play an
important role in arousal. To test this idea, we genetically
ablated ASI neurons in npr-1 mutants. ASI cell death was
induced by a transgene that expresses a proapoptotic caspase
(CED-3) and GFP in ASI neurons (using the str-3 promoter).
ASI cell death was confirmed by the absence of GFP fluores-
cence in transgenic animals. The L4/A motile fraction and
locomotion rate of npr-1 worms were significantly reduced
in animals lacking ASI neurons (Figure 4), confirming the
role of ASI neurons in promoting arousal.

FLP-2 and PDF-1 jointly promote arousal by reciprocal
positive feedback

Thus far, our results suggest that NPR-1 inhibits secretion of
two arousing neuropeptides, FLP-2 (Figure 2) and PDF-1
(Choi et al. 2013), thereby promoting quiescence. FLP-2
and PDF-1 could act independently to arouse locomotion or
they could comprise components of a single arousal pathway.
If they function independently, flp-2 and pdf-1 mutations
should have additive effects on locomotion in double mu-
tants. Contrary to this idea, inactivating FLP-2 or its receptor
(FRPR-18) did not further enhance the reduced L4/A loco-
motion of pdf-1; npr-1 double mutants (Figure 5, A and B),
nor did these mutations enhance the reduced adult locomo-
tion defect of pdfr-1 single mutants (Figure S1C). These re-
sults support the idea that frpr-18, flp-2, and pdf-1 likely act in
a single genetic pathway to mediate arousal.
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Given their function in a single genetic pathway, we next
asked if FLP-2 promotes PDF-1 secretion. To test this idea, we
analyzed PDF-1::YFP secretion in flp-2 mutants. In wild-type
animals, PDF-1::YFP secretion is inhibited during the L4/A
molt and this effect was eliminated in npr-1 mutants, as
shown in our prior study (Choi et al. 2013). Inhibition of
PDF-1::YFP secretion during lethargus was restored in both
npr-1 flp-2 and in frpr-18; npr-1 double mutants (Figure 5, C
and D). These results suggest that FRPR-18 and FLP-2 stim-
ulate PDF-1 secretion, which could contribute to FLP-2’s
arousing effects. Analogous experiments suggest that PDF-1
promotes FLP-2 secretion (Figure 2). These results suggest
that FLP-2 and PDF-1 secretion are regulated by reciprocal
positive feedback. Positive feedback between FLP-2 and PDF-1
could provide a mechanism for stabilizing (or prolonging)
aroused locomotion in npr-1 mutants.

FLP-2 and FRPR-18 are functionally analogous to
vertebrate orexin and orexin receptors

The neuropeptide orexin promotes wakefulness and feeding
in vertebrates (Chemelli et al. 1999; Lin et al. 1999). Orexin
orthologs have not been described in invertebrates, suggest-
ing that their arousal is mediated by a distinct mechanism.
Interestingly, FRPR-18 has significant similarity to mamma-
lian orexin type 2 receptors (mOxR2) (BLAST score: E =
1le—08), implying that FRPR-18 and mOxR2 could perform
analogous functions. To test this idea, we asked if a transgene
expressing the mouse mOxR2 could rescue the frpr-18 mu-
tant defect. Consistent with this idea, expressing an mOxR2
transgene with the frpr-18 promoter (Figure 6, A and B) or
exclusively in ASI neurons (with the gpa-4 promoter) (Figure
6, C and D) reinstated the L4/A locomotion quiescence defect
in frpr-18; npr-1 double mutants. Thus, mOxR2 expression
compensates for the absence of FRPR-18 receptors, support-
ing the idea that FRPR-18 and orexin receptors perform anal-
ogous functions in arousal.

To test the idea that FLP-2 is functionally analogous to ver-
tebrate orexins, we analyzed the effect of fIp-2 mutations on the
rescuing activity of the mOxR2 transgene. We found that inac-
tivating FLP-2 blocked the ability of mOxR2 to promote aroused
L4/A locomotion in frpr-18; npr-1 double mutants (Figure 6, A
and B). This result suggests that endogenously expressed FLP-2
neuropeptides are required for mOxR2’s arousing effects. Taken
together, these results suggest that FLP-2 and FRPR-18 are func-
tionally analogous to mammalian orexin and mOxR2 receptors.

Discussion

Our results lead to three principal conclusions. First, we
identify FLP-2 as a new arousing neuropeptide in C. elegans.
Second, we show that FLP-2 and its receptor (FRPR-18) are
functional analogs of vertebrate orexin and OxR2 receptors.
Third, we show that secretion of two arousing neuropep-
tides (FLP-2 and PDF-1) is regulated by reciprocal positive
feedback. Below we discuss the significance of these
findings.
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Several results support the idea that FLP-2 promotes loco-
motion arousal during lethargus. Mutations inactivating FLP-2
or FRPR-18 restore molt-associated quiescence to npr-1 mu-
tants. FLP-2 secretion is inhibited during molts (when locomo-
tion is quiescent) and this inhibition is blocked in npr-I
mutants (which lack molt-associated locomotion quiescence).
Thus, locomotion quiescence and arousal are linked to de-
creased and increased FLP-2 signaling, respectively.

FRPR-18 has significant sequence homology to vertebrate
OxR2 receptors, suggesting that the flp-2-encoded peptides
(FLP-2A and B) are functionally analogous to vertebrate
orexins. To further test this idea, we showed that mOXR2
expression rescues the frpr-18 mutant defect in locomotion
arousal and that this rescuing activity requires expression of
endogenous FLP-2 peptides. These results support the idea
that FRPR-18 and FLP-2A/B are functional analogs of verte-
brate mOXR2 and orexins and that FLP-2 peptides may func-
tion as mOxR2 ligands. These results are surprising because
FLP-2A and B are RFamide peptides (defined by their
C-terminal RF motifs) while Orexin A and B have conserved
C-terminal sequences lacking the RF motif. Like mOxR2,
FRPR-18 receptors are coupled to G4 (Mertens et al. 2005;

npr-1 fip-2

Figure 5 FLP-2 and PDF-1 jointly
promote arousal by reciprocal
positive feedback. (A, B) Locomo-
tion behavior of single worms
during the L4/A lethargus was an-
alyzed in the indicated genotypes.
Inactivation of frpr-18 or flp-2 did
not further decrease the locomo-
tion of pdf-1; npr-1 mutants. Aver-
age motile fraction (A) and average
locomotion velocity (B) are plotted.
(C, D) PDF-1 secretion was analyzed
in the indicated genotypes. VENUS-
tagged PDF-1 was expressed with
the pdf-1 promoter. (C) Represen-
tative images and (D) summary data
are shown for coelomocyte fluores-
cence in L4, L4/A, and young adults
(8 hr post L4) of the indicated ge-
notypes. PDF-1::VENUS coelomocyte
fluorescence was dramatically re-
duced during the L4/A lethargus
of wild-type animals, but not in
npr-1 mutants, as previously re-
ported (Choi et al. 2013). frpr-18;
npr-1 and npr-1 flp-2 double mu-
tants exhibited decreased PDF-1
secretion during lethargus. The
number of animals analyzed is in-
dicated for each genotype. Error
bars indicate SEM. Values that
differ significantly are indicated
(*** P < 0.001; ns, not signifi-
cant). Bar, 10 pm.

Lethargus

npr-1 flp-2

Larsen et al. 2013); consequently, FLP-2 peptides are likely to
activate neurons that express FRPR-18.

We also show that ASI neurons play an important role in
promoting locomotion arousal. Three arousal-inducing genes
(pdf-1, flp-2, and frpr-18) are expressed in ASI. A transgene
expressing mOxR2 in ASI reinstated the lethargus quiescence
defect in frpr-18; npr-1 double mutants, suggesting that
FRPR-18 acts in ASI to promote arousal. Genetic ablation of
ASI significantly decreased locomotion arousal during molts
in npr-1 mutants. FRPR-18 is expressed in several other neu-
rons that control locomotion including AlY, DVA, and RIM
(Alkema et al. 2005; Gray et al. 2005; Li et al. 2006; Piggott
et al. 2011; Flavell et al. 2013). This expression pattern sug-
gests that FLP-2’s arousing effects could be mediated by mul-
tiple classes of neurons.

Mutations disrupting orexin or orexin receptors are associ-
ated with narcolepsy in humans, dogs, and mice (Chemellietal.
1999; Lin et al. 1999). In orexin and mOxR2 knockout mice,
the total amount of sleep is unaltered; however, the duration
of awake bouts is dramatically reduced (Willie et al. 2003;
Mochizuki et al. 2004). This fragmentation of wakefulness in
narcoleptic mice has been interpreted to mean that orexin
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stabilizes wakefulness. Our results support two mechanisms
for stabilizing aroused states. First, FLP-2 and FRPR-18 are
coexpressed in ASI neurons, suggesting that ASI is regulated
by autocrine positive feedback. Second, we find that FLP-2 and
PDF-1 secretion are regulated by reciprocal positive feedback,
i.e., FLP-2 promotes PDF-1 secretion and vice versa. We pro-
pose that these circuit motifs stabilize the aroused state. In-
terestingly, both motifs are conserved in mammalian arousal
circuits. Mouse orexin directly activates orexin-expressing neu-
rons via activation of mOxR2 receptors (Yamanaka et al.
2010). Orexin also activates neurons that express several other
arousing neurotransmitters (e.g., cholinergic, histaminergic,
noradrenergic, and serotonergic neurons) (Brown et al. 2012).
Thus, autocrine positive feedback and reciprocal positive feed-
back are conserved motifs found in arousal circuits.

Prior studies suggest that switching between sleep and
awake states in mammals is mediated by reciprocal inhibi-
tion between sleep- and awake-promoting neurons, creating
a flip-flop switch (Saper et al. 2010). For example, mouse
NPY inhibits orexin-positive neurons in the hypothalamus
(Fu et al. 2004). Mouse orexin also inhibits NPY-positive
neurons in the rat thalamus, through OxR1 and OxR2 re-
ceptors (Palus et al. 2015). It will be interesting to deter-
mine if behavioral state switching in C. elegans is also
mediated by reciprocal inhibition between neurons express-
ing arousing (FLP-2 and PDF-1) and quiescence promoting
(FLP-21) neuropeptides. Consistent with this idea, we find
that NPR-1 inhibits secretion of two arousing neuropeptides
(FLP-2 and PDF-1).

In conclusion, we identified a new arousing neuropeptide
(FLP-2) that regulates C. elegans molting-associated quies-
cence through an orexin-like receptor (FRPR-18). FLP-2 acts
in concert with PDF-1 through reciprocal positive feedback
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fror-18; npr-1 frpr-18; npr-1

< fror-18; npr-1 double mutants by transgenes express-
ing mouse OxR2 with the frpr-18 promoter (A, B) or
the ASl-specific promoter gpa-4 (C, D). The transgene-
expressing mouse OxR2 under the frpr-18 promoter
did not reinstate the npr-7 locomotion quiescence de-
fect in frpr-18; npr-1 fip-2 triple mutants (A, B). Aver-
age motile fraction (A, C) and average locomotion
velocity (B, D) are plotted. The number of animals
analyzed is indicated for each genotype. Error bars
indicate SEM. Values that differ significantly are in-
dicated (* P < 0.05, ** P < 0.01; ns, not significant).

fp-2

to promote arousal. The many mechanistic parallels between
mammalian orexin and FLP-2/FRPR-18 suggest that C. ele-
gans may be a powerful genetic invertebrate system to study
the role of orexin in behavioral arousal.
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SUPPLEMENTAL INFORMATION

Figure S1. FRPR-18 and FLP-2 effects on adult locomotion

(A) Inactivating FRPR-18 and FLP-2 had a significantly greater effect on the
locomotion of L4/A npr-1 animals than on npr-1 adults. Locomotion velocity
(normalized to npr-1 mutants) is shown. Locomotion behavior of single adult worms
was analyzed in the indicated genotypes and average velocity plotted (B) Adult
locomotion was significantly reduced in both flp-2 and frpr-18 single mutants but
additive effects were not observed in frpr-18; flp-2 double mutants. (C) Mutations
inactivating FLP-2 and FRPR-18 did not cause further decreases inthe locomotion
of pdfr-1 adults. The number of animals analyzed is indicated for each genotype.

Error bars indicate SEM. Values that differ significantly are indicated (***, p <0.001).

Figure S2. Inactivation of frpr-18 or flp-2 does not suppress npr-1 foraging

behavior

Representative images of foraging behavior on bacterial lawns are shown for the
indicated genotypes. Neither frpr-18 nor flp-2 mutations prevented clumping of npr-1

mutants. Scale bar indicates 1 mm.

Figure S3. flp-2 is expressed in several head neurons including ASI

Expression of a flp-2 promoter construct was observed in several head neurons,



including ASI. (A). Expression of flp-2 in ASI was confirmed by co-expression with an

ASI marker (gpa-4) (B). Scale bars indicate 10 um.
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