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Serotonin (5-HT) modulates synaptic efficacy in the nervous system
of vertebrates and invertebrates. In the nematode Caenorhabditis
elegans, many behaviors are regulated by 5-HT levels, which are in
turn regulated by the presence or absence of food. Here, we show
that both food and 5-HT signaling modulate chemosensory avoid-
ance response of octanol in C. elegans, and that this modulation is
both rapid and reversible. Sensitivity to octanol is decreased when
animals are off food or when 5-HT levels are decreased; conversely,
sensitivity is increased when animals are on food or have increased
5-HT signaling. Laser microsurgery and behavioral experiments
reveal that sensory input from different subsets of octanol-sensing
neurons is selectively used, depending on stimulus strength, feed-
ing status, and 5-HT levels. 5-HT directly targets at least one pair of
sensory neurons, and 5-HT signaling requires the Ga protein
GPA-11. Glutamatergic signaling is required for response to octa-
nol, and the GLR-1 glutamate receptor plays an important role in
behavioral response off food but not on food. Our results dem-
onstrate that 5-HT modulation of neuronal activity via G protein
signaling underlies behavioral plasticity by rapidly altering the
functional circuitry of a chemosensory circuit.

t the level of individual synapses, plasticity usually refers to

changes in efficacy of synaptic transmission. However, at
the scale of a neural network, this plasticity translates to changes
in functional circuitry. The 302 neurons of the Caenorhabditis
elegans nervous system are largely invariant in their location and
lineage, and the overall pattern of synaptic connections between
classes of neurons is similar in multiple animals (1). With limited
variability in synaptic connectivity, behavioral plasticity in C.
elegans likely occurs by differential utilization of existing synaptic
connections, rather than de novo synaptogenesis.

The biogenic amine serotonin (5-HT) modulates synaptic
efficacy in vertebrates and invertebrates. For example, 5-HT
modulates both locomotor reflex and nociception in the rat
spinal cord (2, 3). In cultured Aplysia neurons 5-HT is critical for
both short-term and long-term changes in synaptic efficacy (4, 5).
In humans, defects in 5-HT signaling are implicated in behav-
ioral disorders, including depression, bulimia, obsessive-
compulsive disorder, and alcoholism (6). Although drugs that
increase synaptic 5-HT levels such as fluoxetine (i.e., Prozac) are
often used to treat these conditions, very little is known about
how altering 5-HT levels causes changes in functional circuitry or
behavior.

Several lines of evidence suggest that in C. elegans, high levels
of 5-HT signal the presence of food. In the presence of food
(Escherichia coli is used as a food source in the laboratory),
pharyngeal pumping (7, 8), egg laying (8, 9), and male mating
(10) are increased, whereas locomotion is decreased (11). Con-
versely, in the absence of food, the opposite behaviors are
observed. The effect of food on these behaviors can largely be
recapitulated by exogenous 5-HT. The molecular effectors of
some of these 5-HT-regulated behaviors have been studied in
some detail. For instance, during egg laying, vulval muscles are
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stimulated by 5-HT via egl-30 Gqa signaling (12, 13), whereas
spontaneous activity of egg-laying motor neurons is inhibited by
5-HT via goa-1 G,a signaling in an apparent feedback loop (13).
During locomotion, 5-HT acts through a presynaptic G,a-
dependent mechanism at the neuromuscular junction to inhibit
acetylcholine release (14).

Here, we show that feeding status and 5-HT levels modulate
chemosensory avoidance in C. elegans. We found that 5-HT acts
directly on at least one pair of chemosensory neurons and causes
changes in sensitivity to octanol via a gpa-11 Ga-dependent
pathway. In addition to modulating sensitivity, changes in feed-
ing status and 5-HT levels cause different subsets of sensory
inputs to be used; this alteration of the functional circuitry is
gpa-11-independent. Furthermore, response to octanol in the
absence of food and 5-HT depends on the C. elegans a-amino-
3-hydroxy-5-methyl-4-isoxazolepropionic acid/kainate gluta-
mate receptor homolog gene glr-1. Our data suggest that in
response to environmental changes, 5-HT differentially modu-
lates glutamatergic signaling in specific subsets of neurons,
revealing cellular mechanisms that translate molecular plasticity
to behavioral plasticity.

Materials and Methods

Strains. Strains used in this study were N2 Bristol WT isolate,
GR1321 tph-1(mg280), MT8944 mod-5(n822), PY1058
oyls14[sra-6::gfp lin-15(+)], NL787 gpa-11(pk349), and KP4 gir-
1(n2461). All animals, except laser-operated animals, were
raised at 25°C.

Laser Ablations and Behavioral Assays. L1 larvae were anesthetized
on 10 mM sodium azide and operated on as described (15) by a
nitrogen dye-pulsed laser (Photonic Instruments, St. Charles,
IL). ASH, ADL, and AWB neurons are each bilaterally sym-
metric; both neurons were killed for each class. Animals were
allowed to recover for 5 days at 15°C. The animals were
transferred to plates containing food (see below) and kept at
25°C for at least 20 min. DiD (Molecular Probes) dye filling was
used to confirm ablations after behavioral assays (16). Some
laser ablation results (see Fig. 2) were generated in a strain
containing an sra-6::gfp transgene (17). The results were statis-
tically identical to ablation results in N2 animals (data not
shown). Octanol avoidance was assessed by the ‘“smell-on-a-
stick” assay as described (18). For octanol avoidance assays, the
blunt end of a hair from a Loew-Cornell (Teaneck, NJ) 9000
Kolinsky 7 paintbrush, taped to a Pasteur pipette, was dipped in
octanol and placed in front of a forward-moving animal’s nose,
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Fig. 1. Food and 5-HT modulate response to diluted octanol. Data are
presented as mean time to respond to octanol +SEM. (A) Dose-response
curves of WT, tph-1, and mod-5 animals to octanol. n = 18 for each data point.
(B) Effect of food and 5-HT on response to diluted octanol. **, P < 0.01.

and the amount of time it took for the animal to initiate
backward movement was determined by using an audible timer.
Octanol was diluted fresh each day in EtOH (vol/vol), which is
the standard dilutant in chemotaxis assays and is only weakly
attractive to C. elegans (41). Under our assay conditions, WT C.
elegans spontaneously reverses on average about every 20 s
(M.Y.C., unpublished data); therefore, each octanol assay ended
after 20 s. For on-food assays, a standard 5-cm NGM agar plate
(42) was used containing a lawn of OP50 E. coli (100 ul of an
overnight LB culture), which had been spread evenly on the plate
and allowed to dry overnight. Plates were weighed to ensure
consistent dryness. Animals then were transferred to the assay
plate containing food and tested at least 20 min later. Animals
tested off food were transferred to a fresh plate without food and
tested 10 min later. Care was taken to not carry over bacteria.
5-HT (creatine sulfate complex; Sigma) was mixed into melted
NGM agar at the indicated concentrations. Animals were tested
as populations (three to five animals per plate, three or four
plates per experiment) or as individuals; no difference was
observed between control animals tested in population or indi-
vidual assays. In the 5-HT rescue experiments in Figs. 1B and 2B,
animals were transferred to a plate containing 4 mM 5-HT but
no food for 30 min, and then they were transferred to a NGM
plate without food and tested 10 min later. Statistical significance
was determined by the two-tailed Student ¢ test. P values are
denoted as follows: *, P < 0.05; **, P < 0.01; and *** P < 0.001.
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off food). (B) Effect of mutating gpa-77 on response to 30% octanol. **, P <
0.01; ***, P < 0.001.

Results

Food Modulates Response to Diluted Octanol. WT C. elegans re-
spond to undiluted (100%) octanol in ~3 s by initiating backward
movement (Fig. 14). Response to octanol at any concentration
depends on glutamatergic signaling; eat-4 mutant animals are
defective in loading glutamate into synaptic vesicles (19) and do
not respond to octanol (15). When lower concentrations of
octanol were used, we observed that WT animals consistently
responded more slowly off food than on food (Fig. 14). Time-
course experiments revealed that the modulatory effect of food
is rapid, occurring within 2 min (data not shown); in subsequent
experiments, animals were tested 10 min off food to standardize
experimental protocols. Modulation of behavior by food was
reversible; animals off food for 10 min that were returned to food
and then tested 10 min later recovered the ability to respond to
30% octanol (Fig. 1B, column 3). These results indicate that
feeding status affects octanol response.

5-HT Is Necessary and Sufficient to Modulate Response to Diluted
Octanol. Because 5-HT is critical for the modulation of behavior
by food in C. elegans (7-9, 11), we assessed the requirement for
5-HT in response to diluted octanol. tph-1 null mutant animals
are defective for 5-HT biosynthesis (20) and responded more
poorly than WT animals to 10-30% octanol even in the presence
of food (Fig. 14). Conversely, mod-5 mutant animals, which are
defective for 5-HT reuptake and have increased 5-HT signaling
(21), were hypersensitive to octanol off food (Fig. 14). Because
5-HT affects neuronal migration during development (22), we
next determined whether the defects in fph-1 animals were
caused by developmental changes. Adult tph-1 animals pre-
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treated for 30 min with 4 mM exogenous 5-HT gained the ability
to respond to 30% (Fig. 1B, column 6) and 10% octanol (data
not shown), indicating that critical synaptic connections are not
developmentally altered in ph-1 animals. WT animals similarly
treated with 5-HT also responded well to 30% octanol off food
(Fig. 2B, column 2). Taken together, these data suggest that
5-HT signaling is both necessary and sufficient to regulate
behavioral response in adult animals to diluted octanol.

Only ASH Sensory Neurons Detect Diluted Octanol. The two ASH
sensory neurons detect multiple aversive stimuli, including oc-
tanol (15, 18, 23-27). We killed the ASH neurons by laser
microsurgery to assess their role in the response to diluted
octanol. ASH-killed animals failed to respond to 30% octanol,
both on and off food (Fig. 24), and 10% octanol (data not
shown). We conclude that diluted octanol is detected primarily
by ASH neurons; other sensory neurons do not play a significant
role. ASH neurons also detect light mechanical touch to the nose
(23-25). WT animals responded robustly to nose touch on food,
but poorly when moved off food. This response was partially
rescued by exogenous 5-HT (Fig. 7, which is published as
supporting information on the PNAS web site). Taken together,
these results indicate that synaptic signaling in the ASH circuit
is modulated by food and 5-HT. Food and 5-HT likely modulate
response to dilute octanol by acting on ASH neurons and/or
their synaptic targets.

5-HT Acts on ASH Neurons via gpa-11. 5-HT commonly signals via
metabotropic receptors coupled to heterotrimeric G proteins.
To elucidate the molecular pathway responsible for 5-HT mod-
ulation of ASH neurons and/or their synaptic targets, we
examined mutant strains lacking Ga subunit genes that are
normally expressed in octanol-detecting neurons (ASH and
others; see below) and their postsynaptic targets (28). We found
that 5-HT likely signals via the Ga protein encoded by gpa-11
(Fig. 2B). Similar to #ph-1 null mutant animals, gpa-11 null
mutant animals responded poorly to diluted octanol on food
(Fig. 2B, column 5) and off food (10.1 * 1.1 s,n = 36). However,
in contrast to tph-1 mutants, exogenous 5-HT did not restore
response in gpa-11 mutants (Fig. 2B, column 6). The octanol
response defect of gpa-11 animals was rescued by a transgene
containing a WT copy of the gpa-1/ gene with regulatory
sequences (Fig. 8, which is published as supporting information
on the PNAS web site), indicating that gpa-11 loss of function was
responsible for the mutant phenotype. The response of tph-1

15514 | www.pnas.org/cgi/doi/10.1073/pnas.0403369101

[0 100% octanol off food 10 min.

Food modulates response to 100% octanol. Data are presented as mean time to respond to octanol =SEM. *, P < 0.05; **, P < 0.01; ***, P < 0.001.

gpa-11 double-mutant animals to dilute octanol was similar to
the response of tph-1 or gpa-11 single-mutant animals; double-
mutant animals were not rescued by exogenous 5-HT (Fig. 2B,
columns 7 and 8), indicating that gpa-11 is epistatic to tph-1 and
a putative 5-HT receptor. gpa-11 mutant animals had no obvious
defects in locomotion or neuronal morphology; they were also
overtly normal for other 5-HT-mediated behaviors, specifically
5-HT induced egg laying and paralysis (M.Y.C., R. Hyde, and
A.C.H., unpublished observations). Based on GFP reporter
studies, gpa-11 is expressed only in ASH and ADL neurons (28).
Taken together, these results suggest that 5-HT directly acts on
ASH neurons and signals via a gpa-11-dependent pathway to
modulate response to diluted octanol.

ASH, ADL, and AWB Sensory Neurons Detect 100% Octanol. Although
ASH neurons are the only neurons that detect diluted octanol,
other neurons likely contribute to the detection of 100% octanol.
Previously, the ADL neurons were shown to have a modest role
in the response to 100% octanol (18, 29). The AWB sensory
neurons were shown to detect other aversive stimuli (29). ASH,
ADL, and AWB all synapse on the command interneurons that
regulate forward and backward locomotion (1, 30). To deter-
mine the relative roles of ASH and ADL (and possibly AWB)
neurons in the response to 100% octanol on or off food, we killed
these neurons in all possible combinations and tested the oper-
ated animals for their behavioral response (Fig. 3).

We first tested response to 100% octanol on food. Animals
lacking ASH neurons were completely defective (Fig. 3, column
1). In contrast, killing only ADL (Fig. 3, column 3) or only AWB
(Fig. 3, column 5) neurons had no effect. Octanol responses in
animals lacking ASH in combination with ADL and/or AWB
(Fig. 3, columns 7, 9, and 13) neurons were no worse than
animals lacking only ASH neurons. Killing ADL and AWB
neurons simultaneously had no effect (Fig. 3, column 11). These
results indicate that ASH neurons are both necessary and
sufficient for response to 100% octanol on food.

We next tested response to 100% octanol off food. ASH-killed
animals responded reasonably well (Fig. 3, column 2), although
significantly worse than mock-treated control animals (P <
0.001). Similarly, killing only ADL neurons had a small effect
(Fig. 3, column 4; P < 0.01 vs. control) and killing only AWB
neurons had no effect (Fig. 3, column 6) on octanol response off
food. Killing any two of these three neuron pairs had modest
effects. ASH-ADL-killed and ASH-AWB-killed animals re-
sponded significantly better off food than on food (Fig. 3,

Chao et al.
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columns 8 and 10), indicating the contributions of AWB and
ADL neurons, respectively. In contrast, ADL-AWB-killed an-
imals responded slightly but significantly worse off food than on
food (Fig. 3, column 12), indicating that ASH neurons are
slightly down-regulated off food. Killing ASH, ADL, and AWB

neurons simultaneously resulted in animals that were strongly
defective (Fig. 3, column 14). These results indicate that these
neurons all contribute to response to 100% octanol off food and
reveal a role for AWB neurons in octanol detection. We
conclude that the presence or absence of food determines which
neurons contribute to response to 100% octanol; ASH is used on
food, and ASH, ADL, and AWB all are used semiredundantly off
food.

5-HT Modulates Response to 100% Octanol. Because 5-HT was both
necessary and sufficient to modulate response to diluted octanol,
we examined the putative role of 5-HT in modulating response
to 100% octanol (Fig. 4). These experiments were carried out in
ASH-killed animals, because the food-dependent changes de-
scribed above are not apparent otherwise. In the presence of 5
mM exogenous 5-HT, ASH-killed animals failed to respond to
100% octanol off food (Fig. 44, column 3), resembling ASH-
killed animals on food. These 5-HT-treated ASH-killed animals
regained the ability to respond to 100% octanol 10 min after
removal from 5-HT (Fig. 44, column 4). Consistent with the
preceding experiments, these data indicate that 5-HT is suffi-
cient to modulate behavioral response to 100% octanol.

Precise 5-HT Levels Are Critical for Modulation of Response to 100%
Octanol. The simplest model for food/5-HT modulation of re-
sponse to 100% octanol is that 5-HT is absent in WT animals off
food, and that the lack of 5-HT modulates neuronal activity to
give rise to the observed behavioral plasticity. This hypothesis
predicts that tph-1 animals, regardless of feeding status, should
mimic WT animals off food in their response to 100% octanol.
Because food modulation of response to 100% octanol is ap-
parent only in ASH-killed animals, we tested whether ASH-
killed #tph-1 animals on food mimicked ASH-killed WT animals
off food by responding well to 100% octanol. Surprisingly, tph-1
ASH-killed animals were not only strongly defective for response
to 100% octanol on food, but also defective off food (Fig. 44,
columns 8 and 9). These results suggested that this simple model
is incorrect, and that 5-HT modulation of response to 100%
octanol is more complex.

We reasoned that our assumption that WT animals off food
for 10 min completely lack 5-HT might be incorrect; that is, these
animals might only have decreased 5-HT levels. To test this
possibility, we added increasing amounts of exogenous 5-HT to
tph-1 animals off food, to mimic WT animals that have partially
decreased 5-HT levels (Fig. 4B). tph-1 animals lacking ASH
neurons did not respond to 100% octanol when tested on 1 mM

20+
g 16 il
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() A [] 100% octanol off food 10 min
E 4] ﬂ
(1 L] ]
WT WT iph-1 tph-1 gpa-11 gpa-11  gir-1  gir-1
ASH- control ASH- control ASH- control ASH~ control
coumn# 1 2 3 4 56 78 910 1112 1314 15 16
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Fig. 5.

glr-1, but not gpa-11, plays a role in the response to 100% octanol off food. Data are presented as mean time to respond to octanol =SEM. Columns

1-8 are duplicated from Figs. 3 and 4A for qualitative comparison purposes only. Control animals underwent mock laser microsurgery in parallel with their

respective experimental groups. ***, P < 0.001.
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leads to increased 5-HT levels, which increases the sensitivity of ASH neurons via a gpa-17-dependent mechanism. (B) Animals off food respond poorly to 30%
octanol, probably because of decreased 5-HT levels and decreased gpa-11 signaling. However, any residual response to 30% octanol is still mediated only by ASH
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itis unclear whether 5-HT is acting presynaptically or postsynaptically in this case. g/r-1 is not required for response on food, suggesting that another glutamate
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food via ASH, ADL, and AWB neurons. The lowered 5-HT levels slightly decrease signaling through ASH neurons, but increase signaling through ADL and AWB

neurons. gir-1 plays an important role in response to 100% octanol off food.

exogenous 5-HT (Fig. 4B, column 3). However, response was
restored in animals treated with 4-5 mM exogenous 5-HT (Fig.
4B, columns 5 and 7). Importantly, these results also confirm that
ADL and AWB neurons are functional and have no develop-
mental defects in #ph-1 animals. The fact that ASH-killed WT
animals treated with 5 mM 5-HT did not respond to 100%
octanol off food (see Fig. 34) suggests that these animals
probably had a higher effective 5-HT level than similarly treated
tph-1 animals, but the paralysis induced upon tph-1 animals by
additional exogenous 5-HT acting on motor neurons (14) pre-
cluded testing this hypothesis. We conclude that 5-HT is both
necessary and sufficient for modulation of response to 100%
octanol. It is likely that a decrement in 5-HT levels, rather than
complete depletion, is critical for signaling through ADL and
AWRB neurons.

glr-1, but Not gpa-11, Is Required for Modulating Response to 100%
Octanol. We next tested whether, similar to its role in modulating
response to diluted octanol in ASH neurons, gpa-11 is required
for modulating response to 100% octanol. We killed ASH
neurons in gpa-11 mutant animals and tested their response to
100% octanol on and off food. The ASH-killed gpa-11 animals
(Fig. 5, columns 9 and 10) responded better off food than on food
and were therefore qualitatively more similar to ASH-killed WT
animals than ASH-killed #ph-1 animals. These results suggested
that gpa-11 is not absolutely required for 5-HT modulation of
response to 100% octanol.

Although these results do not completely rule out a presyn-
aptic focus of 5-HT action via other G proteins in modulating
response to 100% octanol, they raised the possibility that 5-HT
might also act postsynaptically. The a-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid/kainate-class glutamate re-
ceptor homolog gene glr-1 is expressed in the command inter-
neurons postsynaptic to ASH, ADL, and AWB (23, 24, 31).

15516 | www.pnas.org/cgi/doi/10.1073/pnas.0403369101

Given the established role of glutamatergic signaling and gir-1 in
response to aversive stimuli (15), we tested the role of glr-1 in
mediating octanol response. glr-I null mutant animals were
grossly normal for response to both diluted and 100% octanol
(Fig. 94, which is published as supporting information on the
PNAS web site), so laser-ablated glr-/ animals were evaluated.
ASH-killed glr-1 animals failed to respond to 100% octanol both
on and off food (Fig. 5, columns 13 and 14) and were more
similar to ASH-killed #ph-1 animals than ASH-killed WT ani-
mals. glr-1 also contributes to response to 100% octanol off food
via ASH neurons (Fig. 9B). These results indicate that glr-1 is
required for response to 100% octanol off food via all three pairs
of octanol sensing neurons, consistent with postsynaptic 5-HT
modulation of glutamatergic signaling via glr-1.

Discussion

We have shown that for C. elegans the presence or absence of
food, and consequently 5-HT levels, rapidly and reversibly
determine sensitivity to the chemical repellant octanol. Animals
respond to diluted octanol more rapidly on food than off food.
When animals are on food, ASH neurons are both necessary and
sufficient to mediate response to both diluted and 100% octanol.
The presence of food probably results in high 5-HT levels, and
increased 5-HT signaling allows animals to respond more ro-
bustly to diluted octanol. 5-HT signaling depends on gpa-11,
which is normally expressed in ASH and ADL. Thus, 5-HT likely
directly acts on ASH neurons to increase neuronal sensitivity
and/or synaptic output (Fig. 6 A and B). Consistent with this
hypothesis, Ca?* influx in ASH neurons in response to weak
stimuli depends on 5-HT (M. A. Hilliard and W. Schafer,
personal communication and G. Haspel and A.C.H., unpub-
lished observations).

Animals off food respond poorly to diluted octanol; what little
response remains is mediated by ASH neurons. Response to

Chao et al.
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100% octanol off food is mediated by ASH, ADL, and AWB
neurons semiredundantly. Removal from food probably de-
creases 5-HT levels. The decreased 5-HT levels slightly down-
regulate signaling through ASH neurons, but also activate
signaling through ADL and AWB neurons, although the mech-
anism by which this occurs is unclear (Fig. 6 C and D). The
modulation of neuronal signaling in response to 100% octanol
occurs via a gpa-11-independent pathway. Furthermore, octanol
response off food requires glr-1, but, based on glr-1 dependence
alone, we cannot exclude a presynaptic or postsynaptic site of
action for 5-HT. High 5-HT levels might act presynaptically on
ADL and AWB neurons to suppress signaling; upon derepres-
sion caused by lowered 5-HT levels, octanol-evoked response
from these neurons might be sufficiently weak that glr-7 is simply
required for behavioral response. Alternatively, 5-HT might
increase the sensitivity of the postsynaptic command interneu-
rons by activating glr-1. Consistent with this second hypothesis,
mod-5 animals have increased spontaneous reversals (unpub-
lished observations), a behavior that is controlled by the com-
mand interneurons (30, 32). By acting on multiple cellular
targets and through different molecular pathways, 5-HT signal-
ing can fine-tune the behavioral output of the animal.

In the natural environment, sensory signals vary in strength
and appropriate behavioral responses can be context-dependent.
The food-dependent changes in behavior we observed are rapid
and reversible, consistent with the putative role of 5-HT in
modulating changing priorities in food-searching behaviors. For
instance, animals in a food-rich environment might be less
tolerant of aversive stimuli, whereas starving animals might be
less discriminatory. Interestingly, food and 5-HT also modulate
olfactory adaptation to volatile chemical attractants in C. elegans
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(33, 34). In rats, the glomeruli of the main olfactory bulb receive
extensive serotonergic input from the dorsal and median raphe
nuclei (35), suggesting that chemosensation in vertebrates may
be also modulated by 5-HT.

Our findings suggest that a precise, intermediate level of 5-HT
is essential for modulating response to 100% octanol. Signaling
through ADL and AWB neurons requires 5-HT, but excessive
5-HT appears to inhibit this signal. This idea is intriguing because
5-HT has both facilitory and inhibitory effects on a-amino-3-
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matergic nociceptive circuits in the dorsal horn of the rat spinal
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neurons; they detect both chemical and mechanical stimuli (25,
37), use glutamate and neuropeptides as neurotransmitters (19,
38), and express TRP channels that are required to detect
noxious stimuli (39, 40). Thus, at the level of neuronal circuitry
there are many parallels between the dorsal horn nociception
circuit and the C. elegans octanol response circuit. By differen-
tially modulating synaptic efficacy in a subset of neurons, 5-HT
can elicit rapid short-term changes in behavioral response with-
out fundamentally changing synaptic connectivity.
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