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D-Serine and D-Alanine Regulate Adaptive Foraging
Behavior in Caenorhabditis elegans via the NMDA Receptor
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Laboratory of Biomolecular Science, Graduate School of Pharmaceutical Sciences, Kitasato University, Tokyo 108-8641, Japan

D-Serine (D-Ser) is a coagonist for NMDA-type glutamate receptors and is thus important for higher brain function. D-Ser is
synthesized by serine racemase and degraded by D-amino acid oxidase. However, the significance of these enzymes and the
relevant functions of D-amino acids remain unclear. Here, we show that in the nematode Caenorhabditis elegans, the serine
racemase homolog SERR-1 and D-amino acid oxidase DAAO-1 control an adaptive foraging behavior. Similar to many organ-
isms, C. elegans immediately initiates local search for food when transferred to a new environment. With prolonged food de-
privation, the worms exhibit a long-range dispersal behavior as the adaptive foraging strategy. We found that serr-1 deletion
mutants did not display this behavior, whereas daao-1 deletion mutants immediately engaged in long-range dispersal after
food removal. A quantitative analysis of D-amino acids indicated that D-Ser and D-alanine (D-Ala) are both synthesized and
suppressed during food deprivation. A behavioral pharmacological analysis showed that the long-range dispersal behavior
requires NMDA receptor desensitization. Long-term pretreatment with D-Ala, as well as with an NMDA receptor agonist,
expanded the area searched by wild-type worms immediately after food removal, whereas pretreatment with D-Ser did not.
We propose that D-Ser and D-Ala are endogenous regulators that cooperatively induce the long-range dispersal behavior in C.
elegans through actions on the NMDA receptor.

Key words: D-amino acid oxidase; DAAO-1; forward movement; NMDA receptor desensitization; serine racemase;
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Significance Statement

In mammals, D-serine (D-Ser) functions as an important neuromodulator of the NMDA-type glutamate receptor, which regu-
lates higher brain functions. In Caenorhabditis elegans, previous studies failed to clearly define the physiological significance
of D-Ser, D-alanine (D-Ala), and their metabolic enzymes. In this study, we found that these D-amino acids and their associated
enzymes are active during food deprivation, leading to an adaptive foraging behavior. We also found that this behavior
involved NMDA receptor desensitization.

Introduction
Free D-serine (D-Ser) is highly concentrated in the mammalian
forebrain (Hashimoto et al., 1993), where it binds to the glycine-
binding sites of NMDA-type glutamate receptors to potentiate

glutamatergic neurotransmission (Wolosker, 2007; Nishikawa,
2011) and thus contributes to the regulation of higher brain
function. Astrocyte-derived and neuron-derived D-Ser regulates
NMDA receptor-dependent long-term potentiation and depres-
sion in hypothalamic and hippocampal excitatory synapses
(Panatier et al., 2006; Henneberger et al., 2010; Rosenberg et al.,
2013), and altered D-Ser levels are implicated in the pathophysi-
ology of various neuropsychiatric disorders, including schizo-
phrenia (Bendikov et al., 2007), Alzheimer’s disease (Wu et al.,
2004), and amyotrophic lateral sclerosis (Sasabe et al., 2007).
Free D-alanine (D-Ala), like D-Ser, is an NMDA receptor coagon-
ist (Kleckner and Dingledine, 1988). However, under physiologi-
cal conditions, its low concentrations and unknown biosynthetic
pathway cast doubt on whether it functionally contributes to
NMDA receptor activity.

We previously demonstrated that D-Ser and D-Ala are present
in the nematode Caenorhabditis elegans (Saitoh et al., 2012),
which has a well-described nervous system (White et al., 1986).
We also showed that D-Ala but not D-Ser is present in
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Escherichia coli strain OP50, which is used as a food source for C.
elegans (Saitoh et al., 2012). Thus, D-Ala detected in C. elegans is
derived, at least in part, from the diet, whereas D-Ser is biosyn-
thesized. D-Ser is synthesized by Ser racemase (SerR; EC
5.1.1.16), the enzyme that converts L-Ser to D-Ser (Wolosker et
al., 1999; Inoue et al., 2008), and degraded by D-amino acid oxi-
dase (DAO; EC 1.4.3.3), which stereospecifically acts on neutral
and basic D-amino acids, including D-Ala (Krebs, 1935; Miyoshi
et al., 2009). The daao-1 gene in C. elegans encodes a functional
DAO (Katane et al., 2010), and the daao-1(tm3673) deletion mu-
tant strain has reduced self-brood sizes and hatching (Saitoh et
al., 2012), indicating DAAO-1 contributes to C. elegans fertility.
However, D-Ser and D-Ala are present at similar levels in adult
wild-type and daao-1(tm3673) mutant animals. C. elegans har-
bors a SerR homolog, SERR-1, which exhibits lower SerR activity
than the mammalian enzyme (Uda et al., 2016; Katane et al.,
2016). Nevertheless, D-Ser is present at similar levels in adult
wild-type and serr-1(tm1988) deletion mutant animals (Katane et
al., 2016). Thus, the physiological relationship between D-Ser and
its metabolic enzymes, including DAAO-1 and SERR-1 in C. ele-
gans, and their significance to higher brain function and behav-
ior remain to be fully elucidated.

In this paper, to clarify this issue, we first examined various
behaviors of daao-1(tm3673) and serr-1(tm1988) mutants. We
found that these mutants exhibit abnormal foraging behaviors
during food deprivation. We then performed quantitative analy-
ses of D-amino acids and behavioral pharmacological analyses in
food-deprived C. elegans to determine how D-amino acids and
their metabolic enzymes contribute to foraging behaviors. The
results revealed that endogenous D-Ser and D-Ala, as well as
DAAO-1 and SERR-1, control an adaptive foraging behavior in
C. elegans by regulating NMDA receptor activity.

Materials and Methods
C. elegans strains
The Bristol strain N2 was used as the standard wild-type strain. The mu-
tant and transgenic strains used in this study are listed in Table 1. These
mutant and transgenic strains were backcrossed five times. Unless other-
wise noted, all strains were grown at 20°C on nematode growth medium
agar plates seeded with E. coli strain OP50 (Brenner, 1974).

Assays for behavioral phenotypes
Pharyngeal pumping
Pharyngeal pumping rates were measured as described previously
(Raizen et al., 1995) with some modifications. Briefly, day 1 adult her-
maphrodites grown at 25°C (the day after larval stage late L4) were indi-
vidually placed on agar plates seeded with thick bacterial lawns. The
pharynx of each worm was video recorded for 10 s under a M205 C ster-
eomicroscope equipped with an MC170 HD camera (Leica). Pumping
rates were measured by counting grinder movements using the slow-
motion video replay.

Defecation
Worm defecation is conducted by three distinct motor steps: posterior
body muscle contraction (pBoc), anterior body muscle contraction
(aBoc), and expulsion muscle contraction (EMC; Thomas, 1990). To
measure the defecation interval, day 1 adult hermaphrodites grown at
25°C were individually placed on agar plates seeded with thick bacterial
lawns. For each worm, the period required for 10 consecutive defecation
cycles was measured under the stereomicroscope. On the basis of these
measurements, the time of a defecation interval (from one pBoc to the
next pBoc) was calculated. To measure the EMC rate, the numbers of
the resultant EMCs in the 10 consecutive trials were measured for each
worm.

Nose touch response
Nose touch assays were performed as described previously (Kaplan and
Horvitz, 1993) with some modifications. Briefly, day 1 adult hermaphro-
dites grown at 25°C were individually placed on food-free agar plates. A
fine hair was placed on the surface of the agar in worm’s path, and its
movements were observed under the stereomicroscope. The numbers of
resultant backing responses in eight consecutive trials were measured for
each worm.

Anterior and posterior body touch responses
Anterior and posterior body touch assays were performed as described
previously (Chalfie and Sulston, 1981) with some modifications. Briefly,
day 1 adult hermaphrodites grown at 25°C were individually placed on
agar plates seeded with thin bacterial lawns. To evoke the anterior and
posterior body touch responses, the worms were touched by stroking an
eyelash across the body just behind the pharynx and just before the anus,
respectively. Worms were observed under the stereomicroscope. The
numbers of the resultant backward and forward movements in five con-
secutive trials were measured for each worm.

Body bend
Day 2 adult hermaphrodites grown at 20°C were individually placed on
food-free agar plates. Body bends were counted for 2min under the ster-
eomicroscope, and this value was used to calculate the number of body
bends per minute. A body bend was defined as maximum flexure of the
body just behind the pharynx in the direction opposite to the previously
scored bend.

Food searching strategies
Local search behavior. Well-fed day 2 adults grown at 20°C were

placed individually on unseeded agar plates (observation plates). The
forward and backward movement times for the first four movements
were measured under the stereomicroscope at room temperature (20–
22°C), and the average time for each movement was calculated. The re-
versal frequencies were calculated as the numbers of each movement per
minute (these were defined as the times of forward and backward move-
ments and the reversal frequencies 0–5min after food removal).

Long-range dispersal behavior assay. Well-fed day 2 adults grown at
20°C were placed individually on unseeded agar plates (transition plates)
and cultured for 60min before being transferred to observation plates
for measurements of forward and backward movements as described
above. The 10-cm-diameter observation and transition plates were pre-
pared the day of or 2 d before the assays and dried at room temperature
for 1 h just before the assays were performed. For pharmacological
experiments, agar plates containing various concentrations of drugs
were prepared with stock solutions of 700 mM NMDA (pH 8.5, adjusted
with NaOH), 41.7 mM MK-801, 1 M D-Ser, 1 M L-Ser, and 1 M D-Ala dis-
solved in sterile water. The short-term treatments were performed by
culturing day 2 adults on seed drug plates for 2 h. The long-term

Table 1. List of C. elegans strains

C. elegans strain Source (identifier)

Wild-type Caenorhabditis Genetics left (N2)
daao-1(tm3673) National Bioresource Project
serr-1(tm1988) National Bioresource Project
nmr-1(ak4) Caenorhabditis Genetics left (VM487)
nmr-2(tm3785) National Bioresource Project
nmr-1(ak4);nmr-2(tm3785) This paper
daao-1(tm3673);nmr-1(ak4) This paper
daao-1(tm3673);nmr-2(tm3785) This paper
daao-1(tm3673);serr-1(tm1988) This paper
daao-1(tm3673) Ex[daao-1::mCherry] This paper
serr-1(tm1988) Ex[T01H8] This paper
Ex[nrap-1::mCherry] This paper
daao-1(tm3673) Ex[nrap-1::mCherry] This paper
akIs3[Pnmr-1::GFP] Caenorhabditis Genetics left (VM484)
daao-1(tm3673) akIs3[Pnmr-1::GFP] This paper
serr-1(tm1988) akIs3[Pnmr-1::GFP] This paper
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treatments were performed by culturing worms of various stages on seed
drug plates to day 2 adults. For pharmacological experiments 60–65min
after food removal, the transition plates containing the same concentra-
tions of drugs were used.

Construction of transgene plasmids and generation of transgenic
strains
The provided or constructed plasmids and the primer sequences are
listed in Tables 2, 3, respectively. The promoterless mCherry (a red fluo-
rescent protein) vector, pAV1997 (Miedel et al., 2012), was revised by
deletion of the XbaI–NheI region containing start and stop codons
[pAV1997(42_132del)]. To generate pAV1997(42_132del)-encoding
mCherry with a C-terminal peroxisomal targeting signal type 1 (PTS1)
sequence, a full-length mCherry coding sequence was amplified by PCR
using pAV1997 as the template and primer pair #1. The forward primer
of primer pair #1 contains an additional SalI site at the 59 end, and the
reverse primer of primer pair #1 contains an additional EcoRV site with
the PTS1 sequence at the 59 end. The PCR product was cloned into vec-
tor pTA2 (Toyobo, Osaka, Japan), and the construct was confirmed
using sequencing (pYS1). Subsequently, the SalI–EcoRV fragment of
pYS1 was subcloned into pAV1997(42_132del) (pYS2).

To generate the daao-1 promoter-DAAO-1-mCherry fusion con-
struct (daao-1::mCherry), a 1987-bp genomic DNA fragment upstream
of the daao-1 initiation codon was amplified by PCR using wild-type
worm genomic DNA as the template and primer pair #2. The forward
and reverse primers of primer pair #2 contain additional SphI and SalI
sites at their 59 ends, respectively. The PCR product was cloned into
pTA2, and the construct was confirmed by sequencing (pYS3).
Subsequently, the SphI–SalI fragment of pYS3 was subcloned into pYS2,
yielding the Pdaao-1::mCherry plasmid (pYS4). A full-length daao-1
genomic DNA fragment, lacking the PTS1 sequence, was amplified by
PCR using wild-type worm genomic DNA as the template and primer
pair #3. The forward and reverse primers of primer pair #3 contain addi-
tional SalI sites at their 59 ends. The PCR product was cloned into pTA2,
and the construct was confirmed using sequencing (pYS5). Subsequently,
the SalI fragment of pYS5 was subcloned into pYS4, resulting in the daao-
1::mCherry plasmid (pYS6).

The nrap-1 promoter-NRAP-1-mCherry fusion construct (nrap-1::
mCherry) was generated as described previously (Lei et al., 2017) with
some modifications. A full-length nrap-1 genomic DNA fragment,
which lacks the intron 3 and four sequences and contains an additional

XmaI site at the 59 end and NheI site at the 39 end, was chemically syn-
thesized (Genewiz) and cloned into pAV1997 (pYS7). A 4803-bp
genomic DNA fragment upstream of the nrap-1 initiation codon was
amplified by PCR using wild-type worm genomic DNA as the template
and primer pair #4. The forward and reverse primers of primer pair #4
contain additional SphI and XmaI sites at their 59 ends, respectively. The
PCR product was cloned into pTA2, and the construct was confirmed
using sequencing (pYS8). Subsequently, the SphI–XmaI fragment of
pYS8 was subcloned into pYS7, resulting in the nrap-1::mCherry plasmid
(pYS9).

Germline transgene experiments were performed as described
previously (Mello et al., 1991). Briefly, transgenic lines were gener-
ated by injecting 90 ng/ml pYS6, along with 10 ng/ml pBN41
(Morales-Martínez et al., 2015) as the transformation marker, into
the gonads of daao-1(tm3673) mutant hermaphrodites (daao-1
(tm3673) Ex[daao-1::mCherry]) or 20 ng/ml T01H8, along with 4 ng/
ml pBN41 and 76 ng/ml pUC19 as the carrier DNA, into the gonads
of serr-1(tm1988) mutant hermaphrodites (serr-1(tm1988) Ex[T01H8]) or
50ng/ml pYS9, along with 4ng/ml pBN41 and 46ng/ml pUC19, into the
gonads of wild-type hermaphrodites (Ex[nrap-1::mCherry]). Transgenic
worms were identified by the expression of pharyngeal GFP from pBN41,
and stable lines were isolated.

Microscopic analysis
Day 2 adult hermaphrodites, while on food and 1 or 60min after food
removal, were mounted on 2% agar pads with a drop of 10 mM sodium
azide solution. Confocal images were acquired on an LSM710 micro-
scope with ZEN software (Zeiss).

Determination of amino acid contents
Synchronized L1 larvae prepared using a standard alkaline bleach treat-
ment (Lewis and Fleming, 1995) were placed on seeded agar plates and
cultured at 20°C for 3 d. The worms (corresponding to day 1 adults)
were collected and either washed three times with cold water and stored
at�80°C or washed twice with M9 buffer and placed on 15-cm-diameter
food-free agar plates. The excess liquid was removed with a soft paper
wipe, and the worms were cultured at 20°C for 1, 10, or 60min. After
removing worms that crawled up the plate wall, the cultured worms
were collected, washed twice with cold water, and then stored at�80°C.

Whole-body extracts were prepared and D- and L-amino acids were
quantitatively analyzed by HPLC as described previously (Katane et al.,
2016) with some modifications. The samples were sonicated in 750ml of
100% (v/v) acetonitrile using a Sonifier 250 analog cell disruptor
(Branson), followed by incubation at �80°C for �1 d. The lysates were
centrifuged twice at 20,000� g for 5min at 4°C to remove precipitated
proteins. The supernatants were then evaporated to dryness, and the res-
idue was dissolved in 100ml of 400 mM borate buffer (pH 9.0). The solu-
tions were cleared by centrifugation at 20,000� g for 5min at 4°C, and
the supernatants were filtered through 0.45-mm Millex-LH filters
(Millipore) and stored at �20°C. A total of 30 ml of sample diluted with
400 mM borate buffer (pH 9.0) was mixed with 10ml of water and 20ml
of o-phthalaldehyde (OPA)/N-tert-butyloxycarbonyl-L-cysteine (Boc-L-
Cys) reagent [prepared by mixing 10mg of OPA with 10mg of Boc-L-
Cys in 1 ml of 100% (v/v) methanol] to generate fluorescent derivatives
of the amino acids. After incubating at room temperature for 2min,
10ml of the mixture was injected into the Jasco chromatographic system
comprising a model PU-2089 pump, a model FP-2025 fluorescence de-
tector, and a model 807-IT integrator (Jasco Corp.). The amino acid
derivatives were separated on an octadecylsilyl silica gel column
(Mightysil RP-18GP, 150� 4.6 mm in internal diameter; Kanto
Chemical Co) at a flow rate of 1 ml/min, with gradients comprising solu-
tion A (50 mM sodium acetate buffer, pH 6.0) and solution B (100%
(v/v) acetonitrile] as follows: 0–40min, 10% to 18% solution B; 40–
50min, 18–25% solution B; 50–51min, 25–50% solution B; and 51–
61min, 50% solution B. Fluorescence was detected at an excitation wave-
length of 344 nm and an emission wavelength of 443 nm. The amounts
of D- and L-amino acids were determined on the basis of the peak areas
in the chromatograms.

Table 2. List of plasmids used for generation of transgenic strains

Vector or recombinant DNA Source (identifier)

pAV1997 Addgene (RRID: Addgene_37831)
pAV1997(42_132del) This paper
mCherry::PTS1 cDNA This paper (pYS1)
pAV1997(42_132del)-PTS1 This paper (pYS2)
Pdaao-1 This paper (pYS3)
Pdaao-1::mCherry::PTS1 This paper (pYS4)
daao-1 This paper (pYS5)
daao-1::mCherry::PTS1 This paper (pYS6)
nrap-1 This paper (pYS7)
Pnrap-1 This paper (pYS8)
nrap-1::mCherry This paper (pYS9)
serr-1 clone Wellcome Trust Sanger Institute (T01H8)
Pmyo-2::GFP Addgene (pBN41, RRID: Addgene_86716)

Table 3. List of primer sequences used for construction of transgene plasmids

Primer pair Forward primer Reverse primer

#1 GTCGACTCTAGCATGGTGAGCAAGGGC GATATCCTACAACTTCTTCGACTTGTA
CAGCTCGTCCATGC

#2 GCATGCGATCTTCCGTATCCGCC GTCGACTTCTGAAAAATATAGA
#3 GTCGACATGCCTAAAATTGCTGTAC GTCGACCTTTTTCATTTTCAGCAC
#4 GCATGCTGGAACAGTGTTTGCCTCAT CCCGGGTTCTCGTGATTACCTGCAAT
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Quantification of mRNA expression
Total RNA extraction and cDNA synthesis were performed as described
previously (Ly et al., 2015) with some modifications. Briefly, three wild-
type day 2 adult hermaphrodites grown at 20°C and cultured on food-
free agar plates at 20°C for 1, 10, or 60min were placed in 5ml of lysis
buffer containing 1mg/ml proteinase K in a 0.2 ml tube. The tube was
incubated at 65°C for 10min and then 85°C for 1min to inactivate pro-
teinase K, and the lysate was used immediately for cDNA synthesis.
cDNA synthesis was performed using Maxima HMinus cDNA synthesis
master mix with dsDNase (Thermo Fisher Scientific) as described in the
manufacturer’s manual, and the cDNA was stored�80°C.

For quantitative real-time PCR, 2ml of the diluted cDNA was mixed
with 10ml of SsoFast EvaGreen supermix (Bio-Rad), 1ml of 10 mM for-
ward primer, 1ml of 10mM reverse primer, and 6ml of RNase-free water.
The mixture was subjected to PCR amplification using the CFX96
Touch real-time PCR detection system (Bio-Rad). The primer sequences
are listed in Table 4. The cycling conditions were as follows: initial dena-
turation at 95°C for 30 s, followed by 40 cycles of denaturation at 95°C
for 5 s and annealing and extension at 60°C for 5 s. Raw threshold cycle
(CT) values were determined using CFX Manager software (Bio-Rad)
and used to calculate relative expression levels by the calibration curve
method. The relative expression levels were normalized to a-tubulin
(tba-1) as the reference gene and compared with the means from the
worms cultured with food.

Experimental design and statistical analysis
To evaluate the statistical significance of differences between two means,
data were analyzed by Student’s unpaired t tests. When the variance dif-
fered between the two groups, the Welch’s unpaired t test was used. To
evaluate the statistical significance of differences between the control
mean and two or more means or among three or more means, data were
analyzed by Dunnett’s tests or by Tukey–Kramer tests, respectively.
When the variance differed among the groups, the Games–Howell test
was used. Statistical tests were conducted using JASP version 0.12.2. soft-
ware (JASP Team 2020, University of Amsterdam).

Feeding, defecation, touch response, and body bend assays were
designed to identify changes associated with genotype. For pharyngeal
pumping, statistical difference between wild-type and daao-1(tm3673)
worms was analyzed by Welch’s unpaired t test (n=14 worms). For def-
ecation interval, EMC/pBoc, nose touch, anterior body touch, and poste-
rior body touch, Student’s unpaired t tests were used instead (n=10, 10,
9, 15, and 15 worms, respectively). For body bend, statistical differences
between wild-type and daao-1(tm3673) or serr-1(tm1988) worms were
analyzed by Dunnett’s test (n=6 worms).

Foraging behavior assays were designed to identify changes associ-
ated with genotype, food conditions, and drug treatments. In Figure
1C–E, wild-type and daao-1(tm3673) worms 0–5 and 60–65min after
food removal were examined (n=13 worms). For forward movement
time, statistical differences between each condition in each strain and
versus wild-type under the same conditions were analyzed by Welch’s
unpaired t tests. For backward movement time and reversal frequency,
Student’s unpaired t tests were used instead. In Figure 1G–I, wild-type,
daao-1(tm3673), and transgenic daao-1(tm3673) expressing the daao-1::
mCherry transgene 0–5 and 60–65min after food removal were exam-
ined (n=10 worms). In Figure 1L–N, wild-type, serr-1(tm1988), and
transgenic serr-1(tm1988) expressing the serr-1 transgene 0–5 and 60–
65min after food removal were examined (n= 14 worms). For forward
movement time, statistical differences between each condition in each
strain and among strains under the same conditions were analyzed by
Welch’s unpaired t tests and Games–Howell tests, respectively. For

backward movement time and reversal frequency, Student’s unpaired t
tests and Tukey–Kramer tests, respectively, were used instead.

Quantitative analyses of D- and L-amino acids were designed to iden-
tify changes associated with genotype and food conditions (Figure 2A–
D). The numbers of whole-body worm extracts analyzed were as follows:
for wild-type and daao-1(tm3673), n = 7, 4, 4, and 6 trials for on food, 1,
10, and 60 min after food removal, respectively; for serr-1(tm1988), n =
5, 4, 5, and four trials for on food, 1, 10, and 60 min after food removal,
respectively. Statistical differences among conditions in each strain and
versus wild-type under the same conditions were analyzed by Tukey–
Kramer tests or by Dunnett’s tests, respectively.

Quantitative analyses of mRNA expression of rskn-1, serr-1, and
daao-1 were designed to identify changes associated with genotype and
food conditions. In Figure 1K, Student’s unpaired t test was employed
for statistical difference between well-fed wild-type and F2 serr-1
(tm1988) worms (n = 4 trials). In Figure 2E,F, Tukey–Kramer tests were
employed for statistical differences among conditions; wild-type worms
on food or 1, 10, or 60 min after food removal (n = 4 trials).

The forward movement times of day 2 adults deprived of food for 0–
5min were analyzed unless otherwise noted. In Figure 3A, Games–
Howell test was employed for statistical differences among strains;
wild-type, nmr-1(ak4), nmr-2(tm3785), and nmr-1(ak4);nmr-2(tm3785)
worms (n=13 worm). In Figure 3B, Student’s unpaired t tests were
employed for statistical differences versus untreated group in each strain;
wild-type, nmr-1(ak4), and nmr-2(tm3785) worms untreated or treated
with 900 mM MK-801 short term (n=11 worms). In Figure 3C, Games–
Howell test was employed for statistical differences among groups; wild-
type worms untreated or treated with 900 mM MK-801 and/or 5 mM

NMDA short term (n=11 worms). In Figure 3D, Dunnett’s test was
employed for statistical differences versus untreated group; wild-type
worms untreated or treated with 5 mM NMDA long-term (n= 9 worms).
In Figure 3E, Student’s unpaired t tests were employed for statistical dif-
ferences versus untreated group in each strain; nmr-1(ak4) and nmr-2
(tm3785) worms untreated or treated with 5 mM NMDA long-term
(n= 9 worms). In Figure 3F, Games–Howell test was employed for statis-
tical differences among groups; wild-type worms untreated or treated
with 100 mM MK-801 and/or 5 mM NMDA long-term (n=12 worms).
In Figure 3G, Tukey–Kramer test was employed for statistical differences
among groups; day 3 adult wild-type worms untreated or treated with 5
mM NMDA long-term (n= 10 worms). In Figure 3I, Games–Howell test
was employed for statistical differences among groups; wild-type and
transgenic wild-type expressing the nrap-1::mCherry transgene untreated
or treated with 5 mM NMDA long-term (n= 10 worms). In Figure 4A,
Games–Howell test was employed for statistical differences among
groups; wild-type worms untreated or treated with 900 mM MK-801 and/
or 10 mM D-Ser short term (n= 9 worms). In Figure 4B, Student’s
unpaired t test was employed for statistical difference versus untreated
group; wild-type worms untreated or treated with 10 mM D-Ser long-
term (n=12 worms). In Figure 4C, Games–Howell test was employed
for statistical differences among groups; wild-type worms untreated or
treated with 900 mM MK-801 and/or 10 mM D-Ala short term (n=12
worms). In Figure 4D, Games–Howell test was employed for statistical
differences versus untreated group; wild-type worms untreated or
treated with 10 mM D-Ala long-term (n= 8–9 worms). In Figure 4E,
Student’s unpaired t tests were employed for statistical differences versus
untreated group in each strain; nmr-1(ak4) and nmr-2(tm3785) worms
untreated or treated with 10 mM D-Ala long-term (n=12–14 worms). In
Figure 4F, Games–Howell test was employed for statistical differences
among groups; wild-type worms untreated or treated with 100 mM MK-
801 and/or 10 mM D-Ala long-term (n= 12 worms). In Figure 4G,
Tukey–Kramer test was employed for statistical differences among
groups; day 3 adult wild-type worms untreated or treated with 10 mM D-
Ala long-term (n= 10 worms). In Figure 4H, Games–Howell test was
employed for statistical differences among groups; wild-type and trans-
genic wild-type expressing the nrap-1::mCherry transgene untreated or
treated with 10 mM D-Ala long-term (n=10 worms). In Figure 5A,
Student’s unpaired t test was employed for statistical difference versus
untreated group; daao-1(tm3673) worms untreated or treated with 900
mM MK-801 short term (n=7 worms). In Figure 5B, Games–Howell test

Table 4. List of primer sequences used for real-time PCR

Gene Forward primer Reverse primer

tba-1 ACCAACAAGCCGATGGAGAA CAGTGCGGATCTCATCAACA
rskn-1 CTGCATTACGCTTTCCAAAC AGTGCCAATGTGAGTTCTGC
serr-1 CTGGAAGTTTCAAAGCCAGAGG GAATGGGCAATCATTCCTTTTG
daao-1 AGTCTATCCGACGCGTGGTC TGTGGAGTCGTTCAACAGCG
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was employed for statistical differences among strains; wild-type, daao-1
(tm3673), nmr-1(ak4), daao-1(tm3673);nmr-1(ak4), nmr-2(tm3785), and
daao-1(tm3673);nmr-2(tm3785) worms (n=12–15 worms). In Figure
5C, Dunnett’s test was employed for statistical differences versus
untreated group; daao-1(tm3673) worms untreated or treated with 5 mM

NMDA, 10 mM D-Ser, or 10 mM D-Ala long-term (n=11–13 worms). In
Figure 5D, Games–Howell test was employed for statistical differences
among groups; wild-type and daao-1(tm3673) worms untreated or
treated with 100 mM MK-801 long-term (n= 12 worms). In Figure 5E,

Games–Howell test was employed for statistical differences among
groups; wild-type, daao-1(tm3673), and transgenic wild-type and daao-1
(tm3673) expressing the nrap-1::mCherry transgene (n=8 worms). In
Figure 5F, Dunnett’s test was employed for statistical differences versus
untreated group; serr-1(tm1988) worms untreated or treated with 5 mM

NMDA, 10 mM D-Ser, or 10 mM D-Ala long-term (n= 12–15 worms). In
Figure 5G, Games–Howell test was employed for statistical differences
among strains; wild-type, daao-1(tm3673), serr-1(tm1988), and daao-1
(tm3673);serr-1(tm1988) worms (n= 11 worms). Games–Howell test
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Figure 1. Foraging behavior of wild-type, daao-1(tm3673), and serr-1(tm1988) worms during food deprivation. A, Schematic representation of genomic structure of daao-1 and the trans-
gene construct used in this study. Open, gray, and magenta boxes indicate the UTR, coding exon, and mCherry cDNA, respectively. The positions of the PTS1 and tm3673 deletion are indicated.
In the daao-1::mCherry transgene construct, mCherry with a C-terminal PTS1 N-terminally fused with full-length DAAO-1 is expressed under the control of the daao-1 promoter. B, Velocities of
wild-type, daao-1(tm3673), and serr-1(tm1988) worms. Bar graphs represent means 6 SEM. Forward (C) and backward (D) movement times, and reversal frequencies (E) of wild-type and
daao-1(tm3673) worms 0–5 and 60–65min after food removal. Dots represent single worms; bars are means. F, Localization pattern of DAAO-1 in adult hermaphrodites. Confocal images and
overlay of confocal and differential interference contrast (DIC) images of transgenic daao-1(tm3673) carrying the daao-1::mCherry transgene on the HT115(DE3) diet and 60min after food re-
moval. Scale bars: 20mm. Forward (G) and backward (H) movement times, and reversal frequencies (I) of wild-type, daao-1(tm3673), and transgenic daao-1(tm3673) expressing the daao-1::
mCherry transgene on the HT115(DE3) diet 0–5 and 60–65min after food removal. Dots represent single worms; bars are means. J, Schematic representation of genomic structure of serr-1.
Open and gray boxes indicate the UTR and coding exon, respectively. The positions of the tm1988 deletion and T01H8 coding are indicated. K, Relative rskn-1 mRNA expression in well-fed
wild-type and serr-1(tm1988) worms. Bar graphs represent means 6 SEM. Forward (L) and backward (M) movement times, and reversal frequencies (N) of wild-type, serr-1(tm1988), and
transgenic serr-1(tm1988) expressing the serr-1 transgene 0–5 and 60–65min after food removal. Dots represent single worms; bars are means; *p, 0.05 and **p, 0.01 indicate significant
differences. For details, see Materials and Methods, Experimental design and statistical analysis.
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also was employed for statistical differences versus
untreated daao-1(tm3673);serr-1(tm1988) worms;
daao-1(tm3673);serr-1(tm1988) worms untreated or
treated with 10 mM D-Ser, D-Ala, or L-Ser long-term
(n= 11 worms). In Figure 6A, wild-type, nmr-1(ak4),
nmr-2(tm3785), nmr-1(ak4);nmr-2(tm3785), and tra-
nsgenic wild-type expressing the nrap-1::mCherry
transgene 0–5 and 60–65min after food removal were
examined (n= 9–15 worms). Statistical differences
between each condition in each strain and versus wild-
type for strains 60–65min after food removal were an-
alyzed by Welch’s unpaired t tests or by Games–
Howell test, respectively. In Figure 6B, wild-type and
nmr-1(ak4);nmr-2(tm3785) worms untreated or
treated with 100 mM MK-801 long-term 0–5 or 60–
65min after food removal were examined (n=9–13
worms). Statistical differences among groups in wild-
type and between untreated and treated nmr-1(ak4);
nmr-2(tm3785) were analyzed by Games–Howell test
or by Student’s unpaired t test, respectively. In Figure
6C, Games–Howell tests were employed for statistical
differences versus untreated group in each strain;
wild-type and serr-1(tm1988) worms untreated or
treated with 10 mM D-Ser, D-Ala, or L-Ser long-term
60–65min after food removal (n=7–13 worms).

Confocal microscopic analyses of DAAO-1 protein
localization and nmr-1-expressing neurons were
designed to identify changes associated with genotype,
food conditions, and drug treatments. The typical
results were presented in Figures 1F, 3H, 5H. In Figure
1F, transgenic daao-1(tm3673) worms expressing the
daao-1::mCherry transgene on food and 60min after
food removal were examined (n= 10 worms). In
Figure 3H, transgenic wild-type worms expressing the
Pnmr-1::GFP transgene untreated or treated with 5
mM NMDA or 10 mM D-Ala long-term 1min after
food removal were examined (n= 10 worms). In
Figure 5H, transgenic wild-type, daao-1(tm3673), and
serr-1(tm1988) expressing the Pnmr-1::GFP transgene
on food or 60min after food removal were examined
(n= 10 worms).

Results
Daao-1 and serr-1mutants exhibit abnormal
foraging behaviors during food deprivation
To investigate the physiological significance of
D-amino acids in foraging strategies, we first examined the
various behaviors of daao-1(tm3673) mutants, in which the cod-
ing region of daao-1 is deleted (Fig. 1A). daao-1(tm3673) mutants
displayed normal feeding (pharyngeal pumping, Welch’s unpaired
t test, t(15.76) = 0.68, p= 0.505; Table 5), defecation (Student’s
unpaired t test: defecation interval, t(18) = 1.66, p= 0.114; EMC/
pBoc, t(18) = 0, p= 1.000; Table 5), and touch responses
(Student’s unpaired t test: nose, t(16) = 0.17, p= 0.864; anterior
body, t(28) = 1.67, p= 0.105; posterior body, t(28) = 0, p=1.000;
Table 5) and coordinately moved at a normal velocity (Dunnett’s
test, t= 0.13, p= 0.988; Fig. 1B). Similar to many organisms, C.
elegans exhibits local search behavior, with short-term forward
movement and frequent spontaneous backing (reversal), imme-
diately after it is transferred to an unseeded agar plate
(Wakabayashi et al., 2004; Hills et al., 2004; Gray et al., 2005).
The behavior changes toward long-range dispersal behavior,
where the frequency of reversal movements decreases and the
frequency of long-term forward movements increases, when
food is no longer encountered. Wild-type worms deprived of
food for 0–5 and 60–65min spent 20 and 60 s, respectively,

moving forward (Welch’s unpaired t test, t(13.80) = 7.25, p,
0.001; Fig. 1C) and;3 s moving backward under each condition
(Student’s unpaired t test, t(24) = 0.16, p=0.876; Fig. 1D), result-
ing in a reduction in the reversal frequency at 60–65min after
food removal (Student’s unpaired t test, t(24) = 9.01, p, 0.001;
Fig. 1E). However, the forward movement time and reversal fre-
quency after 0–5min of deprivation were significantly longer
and lower, respectively, in daao-1(tm3673)mutants than in wild-
type worms [Welch’s unpaired t test, t(14.69) = 7.11, p, 0.001
(Fig. 1C); Student’s unpaired t test, t(24) = 8.38, p, 0.001 (Fig.
1E)] but were not different after 60–65min [Welch’s unpaired t
test, t(23.98) = 1.17, p=0.255 (Fig. 1C); Student’s unpaired t test,
t(24) = 1.20, p= 0.241 (Fig. 1E)]. Under each condition, the back-
ward movement times were similar between daao-1(tm3673)
mutants and wild-type worms (Student’s unpaired t test: 0–
5min, t(24) = 0.90, p=0.375; 60–65min, t(24) = 0.09, p= 0.928; Fig.
1D). To confirm that these phenotypes are because of the daao-1
mutation, we generated transgenic daao-1(tm3673) mutants car-
rying the daao-1::mCherry transgene, in which mCherry with a
C-terminal PTS1 N-terminally fused with DAAO-1 under the
control of the daao-1 promoter (Fig. 1A). The transgenic worms
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Figure 2. Amino acid levels and relative mRNA expression of daao-1 and serr-1. Contents of D-Ser (A), D-Ala (B),
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details, see Materials and Methods, Experimental design and statistical analysis.

7536 • J. Neurosci., September 23, 2020 • 40(39):7531–7544 Saitoh et al. · D-Amino Acids in C. elegans Foraging Strategy



appeared debilitated on the OP50 diet but recovered through an
unidentified mechanism on another standard E. coli strain
HT115(DE3) diet. Under this culture condition, the localization
of DAAO-1::mCherry on food and 60min after food removal
was observed in punctate structures, presumably peroxisomes, of
intestinal cells and in the vesicles of coelomocytes (Fig. 1F).
Although the foraging behavior of wild-type and daao-1
(tm3673) mutants on the HT115(DE3) diet was similar to that
on the OP50 diet (Fig. 1C–E,G–I), the increased forward move-
ment time and decreased reversal frequency of daao-1(tm3673)

mutants after 0–5min of deprivation were rescued by the expres-
sion of the daao-1::mCherry transgene [daao-1(tm3673) vs trans-
genic daao-1(tm3673): Games–Howell test, t(13.52) = 5.07, p,
0.001 (Fig. 1G); Tukey–Kramer test, t=5.58, p, 0.001 (Fig. 1I)].
Thus, daao-1(tm3673) mutants exhibit long-range dispersal
behavior to search for food immediately after food removal.

We also examined foraging behaviors in serr-1(tm1988)
mutants, in which both the coding and promoter regions of serr-
1, as well a part of the 39 untranslated region (UTR) of the
upstream rskn-1 gene, encoding a putative ribosomal protein S6
kinase, are deleted (Fig. 1J). However, a PCR analysis revealed
rskn-1 mRNA expression did not differ between serr-1(tm1988)
mutants and wild-type worms (Student’s unpaired t test,
t(6) = 0.29, p= 0.779; Fig. 1K); thus, these worms were considered
specific serr-1 null mutants, which also moved at normal velocity
(Dunnett’s test, t=0.70, p=0.708; Fig. 1B). Although the forag-
ing behavior of serr-1(tm1988)mutants after 0–5min of food de-
privation was similar to that of wild-type worms (Fig. 1L–N), the
serr-1(tm1988) mutants did not increase the time spent moving
forward or decrease the reversal frequency after 60–65min of
food deprivation [0–5 vs 60–65min in serr-1(tm1988): Welch’s
unpaired t test, t(23.35) = 0.59, p=0.563 (Fig. 1L); Student’s
unpaired t test, t(26) = 0.77, p= 0.450 (Fig. 1N)]. The altered
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Figure 3. Effects of NMDA receptor agonist and antagonist on the time of forward movement immediately after food removal. A–G, I, Forward movement times 0–5 min after food removal. Dots
represent single worms; bars are means; *p, 0.05 and **p, 0.01 indicate significant differences. A, Times of forward movement of nmr-1(ak4), nmr-2(tm3785), and nmr-1(ak4);nmr-2(tm3785) worms.
B, Effects of short-term treatments with high-dose MK-801 on the time of forward movement of wild-type, nmr-1(ak4), and nmr-2(tm3785) worms. Day 2 adults were cultured for 2 h on seed agar plates
containing 900 mM MK-801. C, Effects of short-term treatments with NMDA and high-dose MK-801 on the times of forward movement of wild-type worms. Day 2 adults were cultured for 2 h on seed
agar plates containing 5 mM NMDA and/or 900mM MK-801. D, Effects of long-term treatments with NMDA on the times of forward movement of wild-type worms. The worms of L1 larvae, late L4 lar-
vae, or day 1 adults were cultured to day 2 adults on seed agar plates containing 5 mM NMDA. E, Effects of long-term treatments with NMDA on the times of forward movement of nmr-1(ak4) and nmr-
2(tm3785) worms. L1 larvae were cultured to day 2 adults on seed agar plates containing 5 mM NMDA. F, Effects of long-term treatments with NMDA and low-dose MK-801 on the times of forward
movement of wild-type worms. L1 larvae were cultured to day 2 adults on seed agar plates containing 5 mM NMDA and/or 100mM MK-801. G, Times of forward movements of day 3 adults. Wild-type
L1 larvae were cultured with 5 mM NMDA to day 2 adults and then cultured on seed drug-free agar plates for 1 d. H, Confocal stack images of transgenic wild-type worms expressing the Pnmr-1::GFP
transgene 1min after food removal. At least one of the four pairs of interneurons (1, AVA; 2, AVD; 3, AVE; 4, RIM) and an interneuron (5, AVG) in the left-side head region are shown. L1 larvae were cul-
tured to day 2 adults on seed agar plates containing 5 mM NMDA or 10 mM D-Ala. Scale bar: 20mm. I, Effects of long-term treatments with NMDA on the times of forward movement of transgenic wild-
type worms expressing the nrap-1::mCherry transgene. L1 larvae were cultured to day 2 adults on seed agar plates containing 5 mM NMDA. For details, see Materials and Methods, Experimental design
and statistical analysis.

Table 5. Behavioral analysis of daao-1 mutants

Phenotype
Value (mean 6 SEM)
Wild type daao-1(tm3673) mutant

Pharyngeal pumping (no. of pumps/10 s) 47.56 0.8 45.86 2.4a

Defecation interval (s) 42.56 0.9 45.26 1.3b

EMC/pBoc (%) 99.06 1.0 99.06 1.0b

Nose touch (% response) 84.76 5.4 83.36 5.9b

Anterior body touch (% response) 92.06 3.3 84.06 3.5b

Posterior body touch (% response) 84.06 4.0 84.06 5.2b

a Not significantly different from wild-type (p� 0.05 by Welch’s unpaired t test).
b Not significantly different from wild-type (p� 0.05 by the Student’s unpaired t test).
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movement time and reversal frequency were rescued in trans-
genic serr-1(tm1988) mutants that expressed a genomic serr-1
clone, cosmid T01H8 [serr-1(tm1988) versus transgenic serr-1
(tm1988): Games–Howell test, t(14.78) = 4.42, p, 0.001 (Fig. 1L);
Tukey–Kramer test, t=6.56, p, 0.001 (Fig. 1N)]. These results
suggest that SERR-1 is essential for the long-range dispersal
behavior after prolonged food deprivation.

D-Ser and D-Ala in C. elegans are metabolized by SERR-1 and
DAAO-1 in response to food deprivation
We next performed HPLC to measure D-Ser and D-Ala levels in
wild-type, daao-1(tm3673), and serr-1(tm1988) worms during
food deprivation. In wild-type worms, D-Ser levels increased sig-
nificantly 10min after food removal and remained at a similar
level 60min after food removal (vs on food by Tukey–Kramer
test: 1min off food, t= 0.61, p=0.926; 10min off food, t= 3.30,
p=0.020; 60min off food, t=4.22, p=0.003; Fig. 2A). By con-
trast, no increase in D-Ser levels was observed in serr-1(tm1988)
mutants (vs on food by Tukey–Kramer test: 1min off food,
t=0.64, p= 0.919; 10min off food, t=0.07, p= 1.000; 60min off
food, t= 0.80, p= 0.856; Fig. 2A), suggesting that SERR-1 is
required for the synthesis of D-Ser. However, D-Ser contents
increased significantly within 1min after food removal and
remained high for up to 60min after food removal in daao-1
(tm3673) mutants (vs on food by Tukey–Kramer test: 1min off
food, t= 4.14, p=0.003; 10min off food, t= 4.18, p=0.003;
60min off food, t=7.16, p, 0.001; Fig. 2A); the levels at 60min
were significantly higher than those in wild-type worms (Dunnett’s
test, t=3.02, p=0.018; Fig. 2A). D-Ala levels did not change mark-
edly during food deprivation in wild-type (vs on food by Tukey–
Kramer test: 1min off food, t=0.04, p=1.000; 10min off food,
t=0.59, p=0.934; 60min off food, t=0.59, p=0.933; Fig. 2B) or
serr-1(tm1988) worms (vs on food by Tukey–Kramer test: 1min off
food, t=0.05, p=1.000; 10min off food, t=2.39, p=0.126; 60min
off food, t=0.01, p=1.000; Fig. 2B) but were increased remarkably
1min after food removal in daao-1(tm3673)mutants and remained
elevated for 60min (vs on food by Tukey–Kramer test: 1min off
food, t=2.38, p=0.119; 10min off food, t=3.32, p=0.019; 60min
off food, t=4.72, p=0.001; Fig. 2B). No marked changes in L-Ser
(Fig. 2C) or L-Ala (Fig. 2D) levels were observed. These results sug-
gest that both D-Ser and D-Ala are synthesized in wild-type worms
within 1min after food removal and undergo degradation by
DAAO-1 during food deprivation.

We next examined the relationship between altered D-amino
acid metabolism and serr-1 and daao-1 transcription. Specifically,
we asked whether serr-1 expression increases and daao-1 expres-
sion decreases with the synthesis of D-Ser and D-Ala in wild-type
worms. Unexpectedly, serr-1 expression decreased within 10min
after food removal, and decreased further after 60min of food de-
privation (vs on food by Tukey–Kramer test: 1min off food,
t=1.97, p=0.251; 10min off food, t=5.33, p, 0.001; 60min off
food, t=12.61, p, 0.001; Fig. 2E). As predicted, daao-1 decreased
significantly during food deprivation (vs on food by Tukey–
Kramer test: 1min off food, t=2.40, p=0.129; 10min off food,
t=3.41, p=0.023; 60min off food, t=4.41, p=0.004; Fig. 2F).

NMDA receptor activity influences forward movement
immediately after food removal
D-Ser is a coagonist of the NR1 subunit that promotes calcium
influx and postsynaptic membrane depolarization when L-gluta-
mate binds to the NR2 subunit of the heteromeric complex in
mammalian NMDA receptors (Traynelis et al., 2010). In the C.
elegans nervous system, the homologs NMR-1 and NMR-2

colocalize exclusively in the command interneurons of the neural
circuit that regulates locomotion (Chalfie et al., 1985; Brockie et
al., 2001a). The glycine-binding site in NMR-1 is conserved
(Kuryatov et al., 1994), and the C. elegansNMDA receptor is pre-
sumed to bind D-Ser and D-Ala. Previous studies showed that
nmr-1(ak4) and nmr-2(ak7) deletion mutants spend more time
moving forward but show normal velocities and similar back-
ward movement times in comparison to wild-type animals
(Brockie et al., 2001b; Lei et al., 2017). To investigate the role of
NMDA receptor activity in C. elegans foraging behavior, we
examined the movements of nmr-1 and nmr-2 deletion mutants
immediately after food removal. Consistent with previous studies
(Brockie et al., 2001b; Lei et al., 2017), nmr-1(ak4) mutants, as
well as nmr-2(tm3785) mutants, exhibited significantly longer
times of forward movements than wild-type worms (Games–
Howell test: nmr-1(ak4), t(16.17) = 6.78, p, 0.001; nmr-2(tm3785),
t(13.83) = 4.53, p=0.002; Fig. 3A). The time of forward movement
of nmr-1(ak4);nmr-2(tm3785) double mutants was similar to those
of nmr-1(ak4) and nmr-2(tm3785) single mutants (Games–Howell
test: t(15.69) = 6.10, p, 0.001 vs wild-type; t(23.90) = 0.25, p=0.994
vs nmr-1(ak4); t(21.45) = 0.10, p=1.000 vs nmr-2(tm3785); Fig. 3A),
suggesting that the NMDA receptor in C. elegans is also a hetero-
meric complex composed of NMR-1 and NMR-2 subunits and
that the activity of these receptors regulates forward movement
immediately after food removal. All worms tested in Figure 3A
moved coordinately and exhibited no obvious change in the time
spent moving backward (data not shown).

Pharmacological activation of AVA command interneurons,
which regulate backward movement, elicits a slow NMR-1-de-
pendent and NMR-2-dependent outward current in patch-clamp
recordings that is blocked when the noncompetitive antagonist
MK-801 is applied (Brockie et al., 2001b; Kano et al., 2008).
Thus, we assessed forward movement in well-fed day 2 adult
worms incubated for 2 h on plates containing 900 mM MK-801 or
5 mM NMDA. We found that short-term treatment with the rela-
tively high dose of MK-801 significantly increased the time wild-
type worms spend moving forward but did not further increase
that of nmr-1(ak4) or nmr-2(tm3785)mutants (Student’s unpaired
t test: wild-type, t(20) = 4.79, p, 0.001; nmr-1(ak4), t(20) = 0.87,
p=0.395; nmr-2(tm3785), t(20) = 0.50, p=0.624; Fig. 3B). However,
short-term treatment with NMDA did not affect the time of for-
ward movement of wild-type worms but abolished the effect of
high-dose MK-801 when coapplied (Games–Howell test: t(15.61) =
0.13, p=0.999 between the untreated and NMDA-treated group;
t(10.93) = 4.73, p=0.003 between the MK-801-treated and cotreated
group; Fig. 3C). All worms tested in Figure 3B,C moved coordin-
ately and exhibited no obvious change in the backward movement
time (data not shown). These results appear that agonism and an-
tagonism of NMDA receptors elicit effects at the behavioral level.

We next examined the effects of longer-term treatment with
NMDA and MK-801 on the time spent moving forward. For
this, worms at various growth phases were incubated on seed
plates containing 5 mM NMDA or 100 mM MK-801 until they
were at the day 2 adult stage. The time of forward movement of
wild-type worms was not affected by NMDA treatment from the
day 1 adult stage but it increased significantly when treatment
was initiated at larval stages L1 and late L4 (Dunnett’s test: day 1
adult, t= 0.40, p= 0.958; L1, t=5.18, p, 0.001; late L4, t= 2.85,
p= 0.020; Fig. 3D). However, nmr-1(ak4) and nmr-2(tm3785)
single mutants treated as L1 larvae did not show increased for-
ward movement times (Student’s unpaired t test: nmr-1(ak4),
t(15) = 0.14, p=0.894; nmr-2(tm3785), t(16) = 0.36, p=0.726; Fig.
3E). The NMDA-induced increased time of forward movement

7538 • J. Neurosci., September 23, 2020 • 40(39):7531–7544 Saitoh et al. · D-Amino Acids in C. elegans Foraging Strategy



was abolished by cotreatment with the relatively low dose (100
mM) of MK-801 (Games–Howell test, t(21.42) = 2.82, p= 0.046
between the NMDA-treated and cotreated group; Fig. 3F) as well
as after the L1 larva had been transferred to plates without
NMDA for 1 d (Tukey–Kramer test, t= 5.13, p, 0.001; Fig. 3G).
All worms tested in Figure 3 D–G moved coordinately and
exhibited no obvious change in the backward movement time
(data not shown). No neuronal death was observed in nmr-1-
expressing neurons labeled by Pnmr-1::GFP, in which GFP is
expressed under the control of the nmr-1 promoter (Brockie et
al., 2001a), with long-term NMDA treatment (Fig. 3H).
Therefore, the increased time of forward movement of wild-type
worms treated with NMDA long-term is reversible and may
reflect receptor desensitization, as prolonged exposure to NMDA
produces a time-dependent decrease in NMDA-dependent cur-
rents (Brockie et al., 2001b; Traynelis et al., 2010).

C. elegans NRAP-1 is a presynaptically released NMDA re-
ceptor auxiliary protein that has been reported to act as a nega-
tive regulator of receptor desensitization (Lei et al., 2017).
Overexpression of NRAP-1 enhances NMDA-induced current
and decreases forward movement time compared with those in
wild-type worms. To address whether the NMDA-induced
increased forward movement time involves NMDA receptor
desensitization, we generated transgenic wild-type worms that

expressed a fusion protein of NRAP-1 and mCherry under the
control of the nrap-1 promoter (nrap-1::mCherry). Long-term
treatment of the transgenic L1 larva with 5 mM NMDA did not
affect the time spent moving forward (Games–Howell test,
t(17.41) = 0.14, p= 0.999; Fig. 3I). All worms tested in Figure 3I
moved coordinately and exhibited no obvious change in the
backward movement time (data not shown). The results support
the hypothesis that the increased forward movement time of
wild-type worms treated with NMDA long-term reflects receptor
desensitization.

D-Amino acids influence forward movement immediately
after food removal
We next examined whether D-Ser and D-Ala affect the time of
forward movement immediately after food removal. Short-term
treatment with 10 mM D-Ser did not affect the time of forward
movement of wild-type worms that were untreated or treated
with high-dose MK-801 (Games–Howell test: t(11.91) = 0.71, p=
0.893 between the untreated and D-Ser-treated group; t(19.64) =
0.56, p= 0.943 between the MK-801-treated and cotreated group;
Fig. 4A). Similarly, long-term treatment of wild-type L1 larva
with 10 mM D-Ser did not affect the time spent moving forward
(Student’s unpaired t test, t(22) = 0.08, p= 0.934; Fig. 4B). By con-
trast, 10 mM D-Ala abolished the increase in the time of forward
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movement produced by short-term treatment with high-dose
MK-801 (Games–Howell test, t(16.24) = 4.39, p= 0.002 between
the MK-801-treated and cotreated group; Fig. 4C). Long-term
treatments with 10 mM D-Ala, beginning at larval stages L1 or
late L4, significantly increased the time of forward movement of
wild-type worms (Games–Howell test: L1, t(2.55) = 7.87, p=0.041;
late L4, t(2.90) = 7.87, p=0.018; Fig. 4D) but not nmr-1(ak4) or
nmr-2(tm3785) single mutants (Student’s unpaired t test: nmr-1
(ak4), t(25) = 0.68, p=0.506; nmr-2(tm3785), t(22) = 0.40, p=0.690;
Fig. 4E). Furthermore, this increase in forward movement in
wild-type worms with long-term D-Ala treatment was abolished
by cotreatment with low-dose MK-801 (Games–Howell test,
t(12.33) = 5.17, p=0.001 between the D-Ala-treated and cotreated
group; Fig. 4F) and was reversible (Tukey–Kramer test, t=2.97,
p=0.016; Fig. 4G). Long-term D-Ala treatment of transgenic
wild-type worms carrying the nrap-1::mCherry transgene did not
affect the time spent moving forward (Games–Howell test,
t(16.41) = 1.05, p= 0.724; Fig. 4H). All worms tested in Figure
4A–H moved coordinately and exhibited no obvious change in
the backward movement time (data not shown). The nmr-1-
expressing neurons labeled by Pnmr-1::GFP with long-term D-
Ala treatment were alive (Fig. 3H). Thus, D-Ala and NMDA sim-
ilarly influence the forward movement of wild-type worms, and
D-Ala therefore appears to act as an agonist of C. elegans NMDA
receptors.

The increased time of forward movement of daao-1mutants
immediately after food removal involves reduced NMDA
receptor activity, SERR-1, and D-Ser
We next sought to determine the molecular mechanism underly-
ing the increase in time spent moving forward immediately after
food removal in daao-1(tm3673) mutants (Fig. 1C). Short-term
treatment with high-dose MK-801 did not further increase the
time of forward movement of daao-1(tm3673) mutants (Student’s
unpaired t test, t(12) = 0.09, p=0.927; Fig. 5A). Furthermore, the
times of forward movement were similar among daao-1(tm3673),
nmr-1(ak4), and daao-1(tm3673);nmr-1(ak4) double mutants as
well as nmr-2(tm3785) and daao-1(tm3673);nmr-2(tm3785) dou-
ble mutants (Games–Howell test, p� 0.970 among each mutant;
Fig. 5B). Long-term treatments with 5 mM NMDA or 10 mM D-
Ala or D-Ser beginning at the L1 larva stage did not further
increase the time of forward movement of daao-1(tm3673)
mutants (Dunnett’s test: NMDA, t=0.44, p=0.947; D-Ser, t=0.19,
p=0.995; D-Ala, t=0.10, p=0.999; Fig. 5C), but long-term treat-
ment with low-dose MK-801 (Games–Howell test, t(12.68) = 4.83,
p=0.002; Fig. 5D) and expression of the nrap-1::mCherry trans-
gene (Games–Howell test, t(7.30) = 6.57, p=0.001; Fig. 5E) abol-
ished the increase. Similarly, long-term treatments with NMDA,
D-Ala, or D-Ser beginning at the L1 larva stage did not influence
the time of forward movement of serr-1(tm1988) mutants
(Dunnett’s test: NMDA, t=0.12, p=0.999; D-Ser, t=0.37, p=
0.968; D-Ala, t=0.50, p=0.928; Fig. 5F). However, the forward
movement time of daao-1(tm3673);serr-1(tm1988) double mutants
was increased to a level similar to that of daao-1(tm3673) single
mutants with long-term treatment of 10 mM D-Ser (Games–Howell
test, t(16.24) =3.89, p=0.006 between the untreated and D-Ser-treated
daao-1(tm3673);serr-1(tm1988); Fig. 5G). All worms tested in
Figure 5A–Gmoved coordinately and exhibited no obvious change
in the backward movement time (data not shown). The nmr-1-
expressing neurons labeled by Pnmr-1::GFP exhibited no obvious
change in the daao-1(tm3673) and serr-1(tm1988) single mutant
background on food and 60min after food removal (Fig. 5H).
Altogether, these results suggest that the increased time of forward

movement observed in daao-1(tm3673) mutants is because of
NMDA receptor desensitization during food deprivation that
requires D-Ser synthesized via SERR-1.

Long-range dispersal behavior involves NMDA receptor
function that is regulated cooperatively by D-Ser and D-Ala
We hypothesized that the increased observed time spent moving
forward was a result of the worms employing long-range disper-
sal behavior immediately after food removal. We thus compared
the duration of forward movement immediately (0� 5min) after
food removal with that after prolonged (60� 65min) food depri-
vation. Although nmr-1(ak4), nmr-2(tm3785), nmr-1(ak4);nmr-2
(tm3785) mutants, and transgenic nrap-1::mCherry lines spent
significantly more time moving forward at 60–65min than at 0–
5min after food removal (Welch’s unpaired t test: nmr-1(ak4),
t(18.76) = 2.63, p=0.016; nmr-2(tm3785), t(20.78) = 2.95, p=0.008;
nmr-1(ak4);nmr-2(tm3785), t(12.08) = 3.07, p= 0.010; nrap-1::
mCherry, t(21.13) = 4.49, p, 0.001; Fig. 6A), the magnitude of this
increase was less than that in wild-type worms. This suggests
that NMDA receptor function contributes to long-range disper-
sal behavior. Indeed, long-term treatment of L1 larva with low-
dose MK-801 partially suppressed the increase in time spent
moving forward after 60� 65min of food deprivation, indicative
of long-range dispersal behavior, in wild-type worms (Games–
Howell, t(20.98) = 3.44, p=0.012 between the untreated and MK-
801-treated wild-type worms 60�65min after food removal; Fig.
6B) but not in nmr-1(ak4);nmr-2(tm3785) mutants (Student’s
unpaired t test, t(17) = 0.75, p=0.465; Fig. 6B). Moreover, this long-
range dispersal behavior was rescued in serr-1(tm1988)mutant L1
larva treated long-term with 10 mM D-Ser but not 10 mM D-Ala or
L-Ser (Games–Howell test: D-Ser, t(11.25) = 4.33, p=0.005; D-Ala,
t(23.23) = 0.58, p=0.937; L-Ser, t(15.78) = 0.20, p=0.997; Fig. 6C). All
worms tested in Figure 6A–C moved coordinately and exhibited
no obvious change in the backward movement time (data not
shown). Thus, SERR-1-dependent synthesis of D-Ser is also
required for the long-range dispersal behavior after prolonged
food deprivation. Collectively, the results demonstrate that pro-
longed activation of NMDA receptors as a result of increased lev-
els of D-amino acids leads to receptor desensitization and a change
in the foraging strategy of C. elegans.

Discussion
Synthesis and degradation of D-Ser and D-Ala in C. elegans
Although a previous study reported that D-Ser in C. elegans is
biosynthesized in a serr-1-independent manner (Katane et al.,
2016), we found that its synthesis within 10min of food removal
is dependent on serr-1 (Fig. 2A). Furthermore, this synthesis may
occur as early as 1min after food removal, as behavioral analyses
showed that the increase in time spent moving forward by daao-
1(tm3673) mutants, in which D-Ser accumulates, within 5min of
food removal was inhibited completely by deletion of SERR-1
expression but restored by long-term treatment with D-Ser (Fig.
5G). In support of these results, serr-1 expression during food de-
privation was highest 1min after food removal, consistent with
when D-Ser synthesis by SERR-1 is initiated (Fig. 2E). Therefore,
it is likely that feedback control of serr-1 expression is required to
maintain a sufficiently elevated level of D-Ser. In PAT-Seq analysis,
serr-1 is expressed in the intestine and hypodermis but not in
nmr-1-expressing neurons (Blazie et al., 2017). Interestingly,
Drosophila SerR is expressed in the intestine and neurons, and in-
testinal but not neuronal expression of SerR regulates sleep
through the NMDA receptor (Dai et al., 2019). These findings
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suggest that SERR-1 expressed in the intestine is involved in the
synthesis of D-Ser during food deprivation. However, the low SerR
activity of recombinant SERR-1 (Katane et al., 2016; Uda et al.,
2016) raises the question as to whether D-Ser is synthesized by
only SERR-1. The levels of D-Ser were similar in well-fed serr-1
(tm1988)mutants and wild-type worms, but did not change in the
mutants during food deprivation (Fig. 2A), indicating that levels
when food is available are derived via synthesis through an
enzyme other than SERR-1. Indeed, the glycine cleavage system
has been implicated in D-Ser synthesis in the mammalian brain
(Iwama et al., 1997).

The origin of D-Ala in fed and food-deprived C. elegans
remains largely unknown. However, our results suggest that it is
synthesized as early as 1min after food removal (Fig. 2B). C. ele-
gans does not harbor alanine racemase (EC 5.1.1.1), an enzyme
that converts L-Ala to D-Ala. Interestingly, E. coli harbors a cysta-
thionine b -lyase (EC 4.4.1.8), MetC, which exhibits relatively

high alanine racemase activity (Soo et al., 2016; Miyamoto et al.,
2018). We are currently investigating whether homologous genes
in C. elegans (cbl-1, cth-1, and cth-2) are responsible for the in
vivometabolism of D-Ala.

Although it was previously unclear whether DAAO-1 regu-
lates endogenous D-Ser and D-Ala levels in C. elegans, our results
indicate that DAAO-1 degrades these D-amino acids after food
deprivation (Fig. 2A,B). In transgenic worms that expressed the
daao-1::mCherry construct, DAAO-1::mCherry localization was
observed in the intestine during food deprivation (Fig. 1F). Thus,
DAAO-1 is presumed to be responsible for the degradation of
these D-amino acids in the intestine. Previously, we reported that
the transcriptional localization of DAAO-1 is observed exclu-
sively in intestinal cells (Saitoh et al., 2012). However, in the pres-
ent study, the localization of DAAO-1::mCherry was observed in
the coelomocytes as well (Fig. 1F). Because coelomocytes are
scavenger cells that continuously and nonspecifically endocytose
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Methods, Experimental design and statistical analysis.
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fluid from the body cavity (Fares and Grant,
2002), these results implied that DAAO-1 is
transferred into the body fluid from the intes-
tinal cells that produce it and is then taken up
by coelomocytes, in which it is degraded.

Applications of NMDA and MK-801 in C.
elegans foraging behavior
MK-801 is a noncompetitive open-channel
blocker and appears to inhibit the activity of
the C. elegans NMDA receptor in a similar
manner because its binding sites are con-
served in NMR-1 (Brockie et al., 2001b). In
mice, the ability of MK-801 to potentiate
EtOH-induced ataxia and sedation/hypnosis
depends on the activity of AMPA receptors
that are closely involved with NMDA recep-
tors (Palachick et al., 2008). However, the
localization and function of AMPA receptors
in C. elegans are not dependent on NMDA
receptors (Brockie et al., 2001b), and short-
term treatments with 900 mM MK-801 did not
further increase the time spent moving for-
ward in NMDA receptor-null mutants (Fig.
3B), suggesting that MK-801 acted on
NMDA receptors, leading to its behavioral
effect. In wild-type worms, short-term treat-
ment with 900 mM MK-801 may inhibit the
activity of a population of NMDA receptors
in an endogenous agonist-bound state, result-
ing in an increase in the time spent moving forward (Fig. 3B,C).
By contrast, the long-term treatment with 100 mM MK-801 may
inhibit the activity of a smaller population of endogenous ago-
nist-bound NMDA receptors at a level not sufficient to increase
the time spent moving forward (Fig. 3F). When both NMDA
and 900 mM MK-801 were coapplied in the short-term, the be-
havioral effect of 900 mM MK-801 was abolished completely (Fig.
3C). This dominance of coapplied NMDAmay be because the C.
elegans NMDA receptor blockade by MK-801 is partial and re-
versible in patch-clamp recording (Brockie et al., 2001b; Lei et
al., 2017).

This study indicated that the increased time spent moving
forward in wild-type worms treated with NMDA long-term
reflects NMDA receptor desensitization (Fig. 3I). Short-term
NMDA treatment may have also led to a small population of
desensitized NMDA receptors at a level not sufficient to
cause the behavioral effect (Fig. 3C) because receptor desen-
sitization is in the order of minutes (Brockie et al., 2001b).
When both NMDA and 100 mM MK-801 were coapplied
long-term, MK-801 may inhibit the receptor desensitization-
inducing activity in a large population of NMDA receptors
in the NMDA-bound state, resulting in a normal time spent
moving forward (Fig. 3F).
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Elevated levels of D-Ser and D-Ala promote long-range
dispersal behavior after prolonged food deprivation
Application of D-Ser for long-term did not increase the time of
forward movement of wild-type worms immediately after food
removal (Fig. 4B), suggesting that the NMDA receptors saturated
only with D-Ser are not desensitized to a level that affects the
behavior. This may be because D-Ser is a coagonist (not an ago-
nist) of the NMDA receptor. Indeed, so far, there is no report
showing the receptor desensitization in response to increasing
concentrations of D-Ser alone. We also showed that D-Ala acts as
an NMDA receptor agonist in C. elegans, as it resulted in a
behavior similar to that by NMDA (Figs. 3C–G,I, 4C–H). Thus,
the action of D-Ala on NMDA receptors in C. elegans is different
from that in mammals. Moreover, D-Ser synthesized via SERR-1
was required for the increased forward movement time in daao-
1(tm3673) mutants immediately after food removal (Fig. 5G).
This behavior may result from the NMDA receptor desensitiza-
tion following excessive activation by D-Ala acting as an agonist
on the receptors with a D-Ser bound to the receptor. On the other
hand, we surmise that after prolonged food deprivation, NMDA
receptor desensitization following activation by D-Ala and D-Ser
synthesized via SERR-1 contributes to long-range dispersal
behavior (Fig. 6). Although whole-body D-Ala levels in wild-
type worms did not increase after food deprivation (Fig. 2B), it
is possible that levels around or within the command interneur-
ons increase to cooperatively desensitize NMDA receptors if
the worms are capable of D-Ala biosynthesis. Interestingly, serr-
1(tm1988) mutants exhibited normal foraging behaviors imme-
diately after food removal (Fig. 1L–N), suggesting that D-Ser
synthesized via SERR-1 is not essential for NMDA receptor
activation regulating local search behavior. Namely, the recep-
tor-binding of D-Ser may be required only for the receptor-
desensitization. This seems reasonable for the regulation of
long-range dispersal behavior involved in receptor-desensitiza-
tion. Electrophysiological studies will help to elucidate the
effects of D-Ser and D-Ala on NMDA receptors in C. elegans.

Long-range dispersal behavior after prolonged food depriva-
tion also involves mechanisms other than the regulation of
NMDA receptor activity, because wild-type worms treated long-
term with a low-dose of MK-801 as well as the NMDA receptor-
null mutants and transgenic nrap-1::mCherry lines exhibited a
small increase in the time spent moving forward during pro-
longed food deprivation (Fig. 6A,B). Remarkably, this increase in
wild-type worms was completely dependent on D-Ser synthesized
via SERR-1 (Fig. 6C), indicating that the newly synthesized D-Ser
contributes to mechanisms other than those involving NMDA
receptor activity, such as serotonergic activation (Wakabayashi
et al., 2005). For example, D-Ser can bind to serotonin 5-HT3
receptors on human platelets (Fatima Shad, 2006).

Collectively, the results of the present study suggest that D-Ser
and D-Ala are endogenous regulators that control adaptive forag-
ing behavior in C. elegans via the NMDA receptor (Fig. 7). In
these worms, food deprivation activates NMDA receptors to gen-
erate the local search behavior and induce the intestinal synthesis
of D-Ser via SERR-1 and D-Ala through an unidentified pathway.
With prolonged food deprivation, the continued activation of
NMDA receptors via elevated levels of synaptic D-Ser and D-Ala
through intestinal release and body fluid transport, acting as a
coagonist and agonist, respectively, results in receptor desensiti-
zation that leads to long-range dispersal behavior. Thus, SERR-1
and DAAO-1 play important roles in the regulation of D-Ser and
D-Ala levels during food deprivation and subsequent foraging
strategies.
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