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Kynurenic acid (KynA) levels link peripheral metabolic
status to neural functions including learning andmemory.
Since neural KynA levels dampen learning capacity, KynA
reduction has been proposed as a therapeutic strategy for
conditions of cognitive deficit such as neurodegeneration.
While KynA is generated locally within the nervous sys-
tem, its precursor, kynurenine (Kyn), is largely derived
from peripheral resources. The mechanisms that import
Kyn into the nervous system are poorly understood.
Here, we provide genetic, anatomical, biochemical, and
behavioral evidence showing that in C. elegans an ortho-
log of the human LAT1 transporter, AAT-1, imports Kyn
into sites of KynA production.

Supplemental material is available for this article.
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Although long overlooked as mere degradation compo-
nents of tryptophan, it is becoming increasing clear that
kynurenine pathway (KP) metabolites are signaling mole-
cules in multiple organ systems (Schwarcz et al. 2012;
Cervenka et al. 2017). One of these metabolites, kynur-
enic acid (KynA), is an antagonist of glutamatergic recep-
tors, including the N-methyl D-aspartate receptors
(NMDARs) (Perkins and Stone 1982), which play funda-
mental roles in learning capacity across phylogeny (Mor-
ris et al. 1986; Kano et al. 2008; Vohra et al. 2017).
Reductions in KynA improve learning andmemory in spe-
cies as diverse as mammals and C. elegans, while in-
creased KynA levels cause significant diminishments in
cognitive functions (Moroni et al. 1988; Erhardt et al.
2001; Schwarcz et al. 2001; Kepplinger et al. 2005; Potter
et al. 2010; Pocivavsek et al. 2011; Vohra et al. 2018). Ele-
vated brain KynA levels are linked to neurodegeneration
and psychiatric disorders in humans (Schwarcz et al.
2012). Thus, understanding of the molecular mechanisms
that determine brain levels of KynAmay have therapeutic
potential for neurodegenerative and psychiatric disorders
(Schwarcz et al. 2012; Stone and Darlington 2013).
In both C. elegans and mammals, KynA is generated at

highly spatially restricted patterns in the nervous system,
yet neural KynA levels are influenced by factors that act

distantly. This is because kynurenine pathway genes are
not all coexpressed in the same tissues or cells. In both
C. elegans and mammals, KynA generation occurs in
specific regions of the nervous system due to localized ex-
pression of the enzyme kynurenine aminotransferase
(NKAT-1 in C. elegans), which catalyzes the conversion
of Kyn to KynA (Guidetti et al. 2007; Lemieux et al.
2015; Vohra et al. 2017). Neural sites of KynA generation
in C. elegans do not appear to generate Kyn. Tryptophan
2,3 dioxygenase (TDO-2 in C. elegans), the enzyme that
brings tryptophan into the kynurenine pathway to gener-
ate Kyn, is expressed in peripheral tissues, mostly in the
skin-like epidermal cells and not in the neurons that ex-
press NKAT-1 (van der Goot et al. 2012; Vohra et al.
2017). Thus, there must be mechanisms that allow for
the import of Kyn into neural sites of KynA generation.
Similarly, the majority of Kyn in the mammalian brain
is derived from peripheral sources (Gál and Sherman
1980; Fukui et al. 1991). Processes such as exercise, in-
flammation, and stress alter peripheral Kyn production
with subsequent effects on neural KynA levels and cogni-
tive functions (Agudelo et al. 2014; Cervenka et al. 2017;
O’Farrell and Harkin 2017). The mechanisms that allow
for the import of Kyn into the nervous system are poorly
understood.
Here, we show that AAT-1, a C. elegans counterpart of

LAT1, is required for the import of Kyn into specific nkat-
1-expressing neurons for KynA generation.

Results and Discussion

Loss of aat-1 increases feeding rate dependent
on serotonin signaling

The insight into aat-1 as a component of the kynurenine
pathway initially emerged from a screen pertaining to
food intake behavior. C. elegans ingest food through pha-
ryngeal pumping, whose rate correlates with food intake
(Avery and Horvitz 1990). We found that exposure of C.
elegans to aat-1 RNA interference (RNAi) results in in-
creased pharyngeal pumping (Fig. 1A; Supplemental Fig.
S1). The C. elegans genome contains nine aat family
members that potentially encode for the catalytic subunit
of a heteromeric amino acid transporter with sequence
similarity to mammalian LAT1 (Veljkovic et al. 2004).
Other than aat-1 RNAi, only aat-2 RNAi altered pharyn-
geal pumping rates of C. elegans (Supplemental Fig. S1).
Since we did not verify the extent of knockdown in each
case, we cannot rule out the possibility that AAT trans-
porters other than AAT-1 and AAT-2 contribute to feed-
ing behavior.
Changes in pumping rate under different nutritional

conditions correspond to changes in serotonin signaling
(Horvitz et al. 1982; Avery and Horvitz 1990; Sze et al.
2000; Cunningham et al. 2012). Specifically, the reduced
pumping rates of animals taken off food is mimicked by
loss of tryptophan hydroxylase-1, the rate-limiting
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enzyme in serotonin biosynthesis, encoded by tph-1 (Sze
et al. 2000). In turn, the transiently hyperactivated pump-
ing rates of fasted animals that are returned to food corre-
sponds to transiently hyperelevated serotonin secretion
(Lemieux et al. 2015). Well-fed animals are characterized
by intermediate levels of serotonin signaling and pumping
rate (Lemieux et al. 2015). The feeding effects of hyperele-
vated serotonin signaling are dependent on signaling by
SER-5, a serotonergicG-coupled protein receptor, and sub-
sequent inhibition of AAK-2 containing AMP-activated
kinases (Cunningham et al. 2012, 2014). The hyperactive
feeding caused by aat-1 deficiency, but not that of aat-2,
was dependent on tph-1 and ser-5 (Fig. 1A). Moreover,
aat-1 RNAi did not further increase the already elevated
pumping rates of aak-2 mutants (Fig. 1A). These results
suggested that aat-1may function upstream of or parallel
to the serotonin signaling pathway to regulate feeding.

Loss of AAT-1 mimics the effects of KynA deficiency
on feeding rate

To further study the function of AAT-1 and verify the
RNAi results, we generated aat-1 mutants using the
CRISPR/Cas9 system and obtained two independent mu-
tations: aat-1( ft1003) and aat-1( ft1004). Both deletions re-
move most of the predicted protein coding regions of
AAT-1 and thus are likely to be strong loss-of-function
or null mutations (Supplemental Fig. S2). Consistent
with our RNAi results, aat-1 deletion mutants displayed
a constitutively elevated pumping rate (Fig. 1B). These
mutants reduced their pharyngeal pumping rates to the
same level seen in wild-type animals during the fasted
state. Upon exposure to food after fasting, wild-type and

aat-1 deletion mutants exhibited hyperactive feeding
rates (Fig. 1B). While this hyperactive rate was transient
in wild-type animals, the aat-1 mutants maintained the
hyperactive feeding rates (Fig. 1B). This pattern was remi-
niscent of animals deficient in neural KynA levels
(Lemieux et al. 2015).

We demonstrated previously that neurally produced
KynA serves as the molecular mechanism by which
C. elegans assesses its experience of fasting to then allow
for the transient hyperelevated serotonin signaling and
the resulting hyperactive food intake behavior (Lemieux
et al. 2015). Upon fasting, KynA levels deplete in a time de-
pendent manner resulting in enhanced activity of specific
NMDAR-expressing neurons (Lemieux et al. 2015; Vohra
et al. 2017). This leads to elevated signaling by FLP-18, an
FMFR family neuropeptide with functions reminiscent of
mammalian neuropeptide Y molecule (Lemieux et al.
2015). FLP-18 signaling to specific serotonergic neurons
poises them to hypersecrete serotonin upon exposure to
food, which drives the postfast hyperactive feeding
(Lemieux et al. 2015). The similar feeding phenotypes of
aat-1 andnkat-1mutants and their similar genetic relation-
ships to serotonin signalingpromptedustoexaminewheth-
er the feeding increasing effects of aat-1 loss are dependent
on the same molecular mechanisms that mediate the ef-
fects of KynA deficiency. We found this to be the case:
The hyperactive feeding of aat-1 mutants was dependent
on nmr-1 and flp-18 (Fig. 1C). Moreover, as in KynA defi-
cient animals, aat-1 mutants that also lacked either nmr-
1 or flp-18 failed to display hyperactive pumping rates
upon exposure to food after fast (Fig. 1C). Additionally,
aat-1;nkat-1 doublemutants exhibited hyperactive feeding
similar to aat-1 or nkat-1 single mutants and exposure to
food after fasting did not result in any additional increases
in pumping rates (Fig. 1C). Additional evidence suggesting
a role for aat-1 in determining neural levels of KynA
emerged from analysis of aat-1;kmo-1 double mutants.
We previously observed that kmo-1 null mutants have ele-
vated KynA levels andwhile they exhibit wild-type feeding
rateswhenwell fed, they cannothyperactive their pumping
rates after fast (Lemieux et al. 2015). The elevated neural
KynA levels seen in kmo-1 mutants is contingent upon
the presence of nkat-1 (Lemieux et al. 2015). Mimicking
thepharyngealpumpingphenotypeofnkat-1;kmo-1double
mutants, aat-1;kmo-1 double mutants had hyperactive
pumping rates (Fig. 1C;Lemieuxet al. 2015). Finally,metab-
olite add-backexperiments showed thatKynA, but notKyn
supplementation during the fasting period blocks the post-
fast hyperactive feeding of aat-1 mutants, supporting the
notion that AAT-1 mediates Kyn transport to sites of
KynA generation (Supplemental Fig. S3).

aat-1 mutants have enhanced learning capacity

KynA deficiency enhances NMDAR-dependent learning
capacity in C. elegans whereas KynA accumulation has
detrimental effects (Vohra et al. 2017, 2018). As in the
case of pumping rate, KynA exerts its effects on learning
through modulation of the activity of specific NMDAR-
expressing neurons. Production of KynA by the RIM
neurons and regulation of NMDAR activity of the RIM
neurons are sufficient to account for the effects of KynA
on learning (Vohra et al. 2017). Using the butanone associ-
ation assay, which has commonly been used to assess
NMDAR-dependent learning (Kauffman et al. 2010), we

BA
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Figure 1. Loss of aat-1 induces hyperactive pharyngeal pumping.
(A) Relative pharyngeal pumping rates of wild-type (wt), ser-5, tph-
1, and aak-2 mutants cultured on bacteria expressing the indicated
RNAi clones (Ri). All feeding data are normalized and presented as
the percentage of the ad libitum-fed wild-type rates. n = 14 animals
per condition. (ns) P > 0.05; (∗∗) P < 0.01; (∗∗∗∗) P < 0.0001 by ANOVA
(Dunnett). (B) Relative pharyngeal pumping rates of wild-type and
aat-1 mutants at the indicated fasting and refeeding periods. ft1003
and ft1004 are putative null alleles of aat-1. n = 12–15 animals per
condition. (ns) P > 0.05; (∗∗∗∗) P < 0.0001 by ANOVA (Tukey). (C ) Rel-
ative pharyngeal pumping rates of wild-type or single or double mu-
tants at the indicated fasting and refeeding periods. n = 10–12 for
each condition. (ns) P > 0.05; (∗∗∗∗) P < 0.0001 by ANOVA (Tukey).
Nonnormalized data for all of the above pharyngeal pumping condi-
tions are in Supplemental Table S1.
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found that aat-1 mutants had elevated learning capacity
and could fully bypass the learning deficits of kmo-1 mu-
tants (Fig. 2A,B). As in nkat-1 mutants, the enhanced
learning of aat-1 mutants was dependent on the presence
of NMDARs (Fig. 2B). We found previously that lengthen-
ing the training period eventually results in equally
enhanced learning capacity in wild-type and KynA-defi-
cient animals. Similarly, compared with wild-type ani-
mals, aat-1 mutants exhibited elevated learning capacity
when the training period was between 30 and 50 min;
however, longer training periods resulted in elevation of
learning capacity to the same extent in aat-1 mutant
and wild-type animals (Fig. 2A).
Next, wemonitored calcium transients in the RIM neu-

rons by using the calcium-sensitive fluorophoreGCaMP3.
These GCaMP3 recordings were not in response to any
stimuli but ameasure of spontaneous activity of RIMneu-
rons (Vohra et al. 2017). Similar to KynA-deficient ani-
mals (Vohra et al. 2017), aat-1 mutants had significantly
longer bursts as well as increased Ca2+ transient peak val-
ues (Fig. 2C). The total integrated change of fluorescence
intensity in RIM neurons was significantly greater in
aat-1 mutants compared with wild-type animals (Fig.
2D). Thus, loss of aat-1 mimics the effects of reduced
KynA on the RIM Ca2+ transient and learning behavior.

Reconstitution of aat-1 in only the RIM neurons is
sufficient to restore wild-type learning and feeding
phenotypes

We previously showed that within the nervous system
nkat-1 is expressed in only a subset of neurons, specifi-

cally RMDV, RIM and RID, and that KynA production
from the RIM neurons is sufficient for wild-type feeding
and learning phenotypes (Lemieux et al. 2015; Vohra
et al. 2017). To study the relationship between sites of
aat-1 expression and KynA production, we first examined
the expression pattern of an mCherry reporter controlled
by the putative aat-1 promoter. We consistently observed
mCherry fluorescence in several pairs of head neurons,
pharynx, reproductive system, excretory cells and weak
transgene expression in the intestine of adult animals
(Fig. 3A). Reporter fusions controlled by the aat-1 and
nkat-1 promoters showed overlapping expression patterns
in RMDV and RIM neurons (Fig. 3B).
Reconstitution of aat-1 cDNA using the putative aat-1

promoter or selective expression in nervous system using
unc-119, a pan-neuronal promoter, completely restored
wild-type feeding rate and learning capacity to aat-1 mu-
tants (Fig. 3C,D; Supplemental Fig. S4). Similar results
were found when aat-1 was selectively reconstituted in
only the RIM and RIC interneurons using a tdc-1 promot-
er, or in only the RIM neurons using a cex-1 promoter (Fig.
3C,D; Supplemental Fig. S4). In contrast, placing the same
aat-1 cDNA under the nkat-3 promoter, which expresses
in the pharyngeal muscle and several head and tail cells
that are different than those that express nkat-1 (Lemieux
et al. 2015), failed to rescue aat-1’s mutant phenotypes
(Fig. 3C,D; Supplemental Fig. S4). This is consistent
with our previous finding that nkat-1mutants expressing
nkat-3p::nkat-1 continue to exhibit hyperactive feeding
(Lemieux et al. 2015). Thus, the anatomical site of aat-1
expression that restores normal learning and feeding to
aat-1 mutants is the same interneurons, RIM, previously
found as the site of KynA regulation relevant to learning
and feeding (Lemieux et al. 2015; Vohra et al. 2017).

AAT-1 transports kynurenine when coexpressed
with ATGP-2

Among the nine AATs in C. elegans, AAT-1, AAT-2, and
AAT-3 are most homologous to human LAT1 (Veljkovic
et al. 2004). Both AAT-1 and LAT1 contain conserved cys-
teine residues, which in the case of human LAT1 allow for
covalent linkages to glycoprotein subunits 4F2HC/
SLC3A2 resulting in heterodimeric transporters (Pfeiffer
et al. 1998; Veljkovic et al. 2004). Veljkovic et al. (2004)
showed that AAT-1 can transport large neutral amino ac-
ids including phenylalanine and tyrosine into Xenopus
laevis oocyteswhen coexpressedwithATGP-2, theC. ele-
gans counterpart of heteromeric amino acid transporter
glycoprotein. Plasma membrane localization of AAT-1 is
also dependent on ATGP-2 (Veljkovic et al. 2004). As in
aat-1 mutants, loss-of-function atgp-2 mutants displayed
an increased feeding rate and enhanced learning capacity
(Supplemental Fig. S5). We generated AAT-1 and ATGP-
2-coexpressing X. laevis oocytes and examined their
uptake capacity of labeled [3H]-L-kynurenine and large
amino acid control [3H]-L-phenylalanine (Fig. 4). Oocytes
injected with both AAT-1 and ATGP-2 cRNAs exhibited
significantly increased uptake of both of kynurenine
and control phenylalanine compared with saline-injected
or only ATGP-2 cRNA-injected oocytes (Fig. 4C).
Time-course experiments showed that the uptake rate of
kynurenine was in the linear range at 15 min and began
to plateau at 30 min (Fig. 4A), so we conducted kinetic
studies of AAT-1-mediated-kynurenine uptake in a range

BA
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Figure 2. Loss of aat-1 increases learning and the activity of RIM
neurons. (A) Effects of various durations of conditioning on the
learning indices of wild-type and aat-1 mutants. n = 3 for per condi-
tion. (∗∗) P < 0.01; (∗∗∗) P < 0.001; (∗∗∗∗) P < 0.0001 by ANOVA (Dun-
nett). (B) Learning indices of the indicated strains. n = 5 for each
condition. (ns) P > 0.05; (∗∗) P < 0.01; (∗∗∗∗) P < 0.0001 by ANOVA
(Tukey). In A and B, 100–200 animals were used in each replicate
of each genotype or condition. (C ) The integrated change of
GCaMP3 fluorescence intensity (ΔF/F) in the RIM neurons over
the entire 240-sec imaging window. Data from nine representative
young adult animals coexpressing cex-1p::GCaMP3 and tdc-1p::
mCherry are shown as a heat map for each genotype. (D) The total
integrated change in fluorescence intensity over the 240-sec imaging
window as shown in C. n = 9 animals per condition. (∗∗∗) P < 0.001 by
Student’s t-test.

aat-1 inhibition improves learning capacity
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of kynurenine concentrations (0–100 µM) at 15 min (Fig.
4B). Using nonlinear regression, we estimated the KM
and Vmax values ofC. elegansAAT-1/ATGP-2 transporter
to be 40.1 ± 12.1 µM and 89.1 ± 10.8 pmole/oocyte/15min,
respectively (Fig. 4B). The KM of kynurenine for AAT-1/
ATGP-2 is in a similar range as the KM of leucine for
LAT1 (18.1 µM) in the X. laevis oocytes system (Kanai
et al. 1998) and kynurenine uptake by astrocytes (KM; 32
µM) (Speciale et al. 1989). Finally, kynurenine transport
was significantly inhibited by known substrates of this
transporter as exposure to 1 mM of L-Alanine decreased
kynurenine uptake by AAT-1/ATGP-2 coexpressing oo-
cytes (Fig. 4C). Thus, the C. elegans AAT-1 transports
kynurenine in a concentration-dependent fashion, is like-
ly a highly affinity transporter for kynurenine, and inhib-
ited by other substrates of the transporter.

Altered kynurenine pathwaymetabolite levels in sever-
al neurodegenerative and neuropsychiatric disorders have
raised the notion of kynurenergic manipulation as a ther-
apeutic strategy (Erhardt et al. 2009; Stone andDarlington
2013; Kozak et al. 2014). Delivery of therapeutic agents to
the brain space is considered particularly challenging
(Henderson and Piquette-Miller 2015). Manipulation of
kynurenine substrate availability has been proposed as
one strategy for affecting brain KynA levels (Stone and
Darlington 2013; Agudelo et al. 2014; Vohra et al. 2017).
The existing data on LAT-1, the mammalian counterpart
of AAT-1, supports the notion that these large neural ami-
no acid transporters can indeed transport kynurenine
across the blood-brain barrier (Fukui et al. 1991; Sekine
et al. 2016), into astrocytes (Speciale et al. 1989), and

into T-cells (Sinclair et al. 2018). Our findings here provide
evidence that this transportmechanism can be targeted to
affect neural KynA levels in an intact organism with the
expected effects on learning capacity.

Given the expression pattern of aat-1 and that AAT-1 is
capable of transporting many substrates other than Kyn,
AAT-1 is likely involved in processes beyond feeding and
learning. AAT-1 has been proposed to function as a cyste-
ine/glutamate exchanger on glial cells in C. elegans (Gib-
son et al. 2018) and LAT-1 like transporters in
Drosophila affect dopaminergic transmission and sleep
regulation (Aboudhiaf et al. 2018). Furthermore, the phys-
iological functions of AAT transporters are dependent on
their heterodimeric partners. For example, AAT-1 and
AAT-3 facilitate the transport of amino acids with the
help of ATGP-2 but not ATGP-1 or mammalian 4F2HC
(Veljkovic et al. 2004). Thus, consideration of transporters
as therapeutic targets must balance beneficial effects to-
wards intended outcomes with potential effects on other
biological processes regulated by the same transporter.

Materials and methods

Nematode strains and growth conditions

Strains used for this study are listed in the Supplemental Material. All mu-
tants were backcrossed into the wild-type background at least four times.
C. elegans strains were cultured at 20°C on NGM agar plates seeded with
OP50 E. coli or HT-115 E. coli RNAi clones.

BA
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Figure 4. AAT-1 transports kynurenine when coexpressed with
ATGP-2. (A) Time-course experiment conducted at various durations
(0–40 min) to determine the linear range of kynurenine transport (10
µM) in Xenopus oocytes coexpressing the C. elegans AAT-1 and
ATGP-2. Control oocytes were injected with saline. (B) Based on the
time course results, kinetic experiments were 15 min long. Experi-
ments were conducted by incubating Xenopus oocytes coexpressing
C. elegans AAT-1 and ATGP-2 with increasing concentrations of L-
kynurenine (1 µM, 10 µM, 50 µM, and 100 µM). Rate of uptake versus
concentration was plotted;KM and Vmax values were estimated by fit-
ting the curves to aMichaelis-MentenequationusingGraphpadPrism
software. (C ) Uptake of L-phenylalanine (10 µM, 3 min; positive con-
trol) or L-kynurenine (10 µM, 15 min) in Xenopus oocytes coexpress-
ing AAT-1 and ATGP-2 was significantly higher than uptake in
oocytes expressing ATGP-2 alone or in saline-injected oocytes. The
uptake of kynurenine was significantly inhibited by L-alanine (1
mM), a known substrate of C. elegans AAT-1 and ATGP-2 transport-
ers (Veljkovic et al. 2004). Graphs showing radiolabeled substrate up-
take (Fig. 4A) and uptake rates (Fig. 4B,C). n = 5-10 oocytes per
condition. (ns) P > 0.05; (∗∗∗∗) P < 0.0001 by ANOVA (Tukey).

BA
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Figure 3. Localized expression of AAT-1 in nervous system regulates
feeding and learning. (A) Expression of aat-1p::gfp transcriptional fu-
sion in an adult animal. Fluorescence is seen in the pharynx (Ph); ner-
vous system (NS; red arrowheads, and red brackets in the inset);
reproductive system (white arrow), including vulval muscles, uterine
muscles, and uterine–vulva cells; excretory system (blue arrowheads);
and intestine (Int). (Inset) Overlay of DIC and fluorescence images of
the head region from the same animal. (B) Overlapping expression
patterns of aat-1p::mCherry and nkat-1p::gfp in the RIM and
RMDV neurons but not RID neurons. (C ) Effects of reconstituting
aat-1 cDNA using various promoters on pharyngeal pumping rates
of aat-1 mutants. n = 9-12 per condition. (∗∗∗∗) P < 0.0001 by ANOVA
(Dunnett) in comparisonwithwild-type animals. (D) Learning indices
of the indicated strains. n = 4-7 per condition. (∗∗) P < 0.01; (∗) P < 0.05
by ANOVA (Dunnett) in comparison with wild-type animals. All
transgenes are high copy extrachromosomal arrays. One-hundred to
200 animals were used in each replicate of each genotype.
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Radiolabeled substrate uptake assays in X. laevis oocytes

All capped RNA (cRNA) was synthesized using the mMessage mMachine
SP6 kit (Ambion) and injected into oocytes by Ecocyte Bio Science LLC.
Oocytes were incubated at 18°C in modified Barth’s solution with genta-
micin that was replenished every 24 h followed by three washes and prein-
cubation for at least 5 min at 25°C in uptake buffer. For uptake assays,
sodium-free modified Barth’s solution containing labeled [3H]-L-phenylal-
anine or [3H]-L-kynurenine (PerkinElmer) was used. Oocytes were then
washed five times in ice-cold uptake buffer and lysed in 0.5 mL of 1%
SDS solution for at least 1 h. Radioactivity (disintegrations per minute)
wasmeasured using a liquid scintillation counter machine. A detailed pro-
cedure is described in Supplemental Material.

Pharyngeal pumping assay

Pharyngeal pumping rates weremeasured on day 1 gravid adults by count-
ing the contraction of the pharyngeal bulb over a 10-sec period as described
before (Lemieux et al. 2015). Source data for the pharyngeal pumping ex-
periments are listed in Supplemental Table S1.

Learning assay

Short-term butanone associative learning was performed as previously de-
scribed (Kauffman et al. 2010). Unless otherwise noted, 100–200 synchro-
nized day 1 adult animals grown on 6-cm NGM plate were trained for
50 min with 2 µL of 10% butanone on lid, and then tested for butanone
chemotaxis at 20°C. Additional procedure details are described in the Sup-
plemental Material. Source data are available in Supplemental Table S2.

Spontaneous Ca2+ transients

Day 1 adult animals that express Ex[cex-1p::GCaMP3; tdc-1p::mCherry]
were mounted on a 10% agarose pad containing 2 µL of 0.1 mm polysty-
rene beads followed by the immobilization with cover slips, and GCaMP3
imaging of the RIM neurons were performed as described before (Lemieux
et al. 2015). Additional procedure details are available in the Supplemental
Material.

Statistics

Data were analyzed using GraphPad Prism 6.0 software package and are
provided as mean ± standard deviation unless otherwise noted. Box and
whisker plots were used to present all the feeding data. Boxes represent
25th to the 75th percentile of the data, with an additional line showing
50th percentile, and the whiskers show the 5th and 95th percentiles.
Two-tailed student’s t-test were used when comparing two conditions.
For multiple comparison test, one or two-way ANOVA was performed.
Studies were not blinded but various strains were examined at different
times by different individuals.
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